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Engineer,  and  E.  Zaiken  and  J.  Miwa  as  graduate  students. 


ABSTRACT 


i 

I 

5 

* 

i 


The  fatigue  behavior  of  short  cracks,  which  are  small  compared  to 
the  scale  of  the  microstructure,  small  compared  to  the  scale  of  local 
plasticity  or  simply  physically  small  (i.e.,  £  1  mm),  must  be  considered 
as  one  of  the  major  factors  limiting  the  application  of  defect- tolerant 
fatigue  design  for  airframe  and  engine  components.  Accordingly,  this 
program  was  aimed  at  identifying  factors  which  govern  the  growth  of  such 
short  cracks  (in  contrast  to  long  cracks)  in  a  series  of  commercial 
aluminum  alloys,  with  specific  reference  to  behavior  at  near-threshold 
levels  (below  ^  10"^  m/cycle). 

Based  on  experiments  in  2124,  7150  and  2090  alloys,  it  is  shown  that 
whereas  the  behavior  of  long  (>  10  mm)  cracks  at  near-threshold  levels  is 
largely  controlled  by  the  magnitude  of  the  crack  tip  shielding  from  crack 
closure  and  deflection  mechanisms,  short  crack  growth  rates  are 
invariably  faster  because  of  their  inability  to  develop  shielding  due  to 
their  limited  wake.  Experiments  whereby  the  wake  material  is  physically 
removed  confirm  such  notions  and  indicate  that  the  predominant  closure 
forces  are  located  close  (within  500  um)  of  the  tip.  Analogous 
experiments  involving  periodic  compression  overloads  are  similarly 
employed  to  reduce  near-tip  crack  closure  (by  the  crushing  of 
asperities).  Due  to  the  reduction  of  shielding,  crack  growth  at  the 
threshold  is  then  observed  following  the  compression  cycle.  Materials, 
such  as  2090-T8E41  aluminum-lithium  alloy,  are  particularly  prone  to  such 
compressi on- i nduced  crack  growth  as  their  shielding  mechanisms  are 
largely  derived  through  the  wedging  of  asperities.  Studies  on  through¬ 
thickness  physically  short  (50  to  400  um)  and  small  (10  to  400  um) 
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surface  cracks  indicate  growth  at  nominal  stress  intensities  at,  and 
below,  the  threshold  AKyH.  Short  crack  growth  rates  are  observed  to 
decay  progressively  until  arrest  (or  before  merging  with  long  crack 
data),  concurrent  with  measured  changes  in  crack  closure  and  hence  the 
near-tip  "driving  force"  AKeyy.  Numerical  predictions  of  such  closure 
(in  both  plane  stress  and  plane  strain)  are  shown  to  underpredict 
consistently  measured  values,  as  the  actual  sources  of  shielding  involve 
closure  from  oxide  and  asperity  wedging  in  addition  to  the  plasticity- 
induced  mechanism.  It  is  concluded  that  the  near- threshold  behavior  of 
small  cracks  is  strongly  influenced  by  considerations  of  crack  tip 
shielding,  specifically  from  crack  deflection  and  crack  closure 
mechanisms.  Other  factors  responsible  for  "anomalous"  small  crack 
behavior,  however,  can  be  identified  depending  upon  the  "type"  of  small 
flaw  involved,  and  are  discussed  in  this  report. 


1.  INTRODUCTION 


The  objective  of  this  program  was  to  identify  mechanical, 
mi crostructural  and  environmental  factors  governing  the  fatigue  crack 
growth  of  long  (>  10  mm)  and  short  (£1  mm)  cracks  in  commercial  aluminum 
alloys  with  specific  reference  to  behavior  at  ultralow,  near-threshold 
growth  rates  below  typically  10"^  m/cycle.  This  report  describes  several 
projects,  specifically  involving  a  review  of  the  "small  crack"  problem, 
its  origins  and  implications,  the  role  of  microstructure  in  influencing 
fatigue  crack  growth  and  closure  behavior  in  7150  alloy,  the  development 
of  crack  closure  with  crack  size  for  long  and  short  cracks  in  2124  and 
7150,  the  role  of  crack  tip  shielding  on  large  and  small  (10  to  400  urn), 
through-thickness  and  surface  cracks  in  2124,  and  the  influence  of 
periodic  compression  overload  cycles  on  such  properties  in  2124,  7150  and 
aluminum-lithium  alloy  2090.  Based  on  these  results,  an  overall 
assessment  of  the  small  crack  problem  is  presented,  and  suggestions  are 
made  for  its  potential  solution,  both  with  respect  to  defect- tol erant 
life  prediction  and  alloy  design. 

2.  REVIEW  OF  SMALL  CRACK  BEHAVIOR 

2.1  Introduction 

Despite  an  increasing  interest,  both  academically  and 
technologically,  in  conventional  long  crack  fatigue  crack  propagation, 
particularly  at  near- threshold  levels  (e.g.,  ref.  1),  a  major  limitation 
in  the  application  of  such  information  to  defect- tol  erant  design  must  be 
regarded  as  the  problem  of  short  flaws.  By  short  flaws,  it  is  implied 
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that  flaws  are  i)  small  compared  with  the  scale  of  microstructure,  ii) 
small  compared  with  the  scale  of  local  plasticity,  or  iii)  simply 
physically  small  (i.e.,  5  0.5  to  1  mm).  Design  codes  at  present  attempt 
to  predict  the  growth  rates  of  in-service  flaws  based  on  data  collected 
in  the  laboratory  with  specimens  containing  crack  sizes  of  the  order  of 
25  mm.  In  service,  however,  initial  defects  sizes  are  often  far  smaller 
than  this.  This  leads  to  a  potential  for  non-conservative  defect- 
tolerant  lifetime  predictions  since  the  vast  majority  of  experimental 
observations^-^  on  the  behavior  of  short  cracks  has  shown  that  their 
growth  rates  are  in  excess  of  long  cracks  at  the  same  nominal  driving 
force  (e.g.,  at  the  same  stress  intensity  range  AK)  and  furthermore  that 
such  short  cracks  can  initiate  and  propagate  at  AK  levels  below  the  "long 
crack"  fatigue  threshold  AK^  (Fig.  2.1). 

During  this  study,  extensive  reviews  of  all  aspects  of  the  small 
crack  problem  have  been  performed, ^  including  the  environmental  behavior 
of  small  fatigue  cracks. 2®  Papers  published  on  these  reviews  are 
appended  to  this  report.  For  completeness,  summaries  are  presented 
below. 

2.2  Propagation  of  Short  Fatigue  Cracks^ 

Fatigue  crack  propagation  in  engineering  materials  has  been  the 
subject  of  considerable  research,  and  extensive  review  articles  have 
appeared  over  the  past  several  years.  Most  of  these  investigations 
focused  on  the  behavior  of  'long'  fatigue  cracks,  even  though  the 
characteristics  associated  with  the  extension  of  small  cracks  in  metals 
and  alloys  remain  relatively  unexplored,  despite  their  unquestionable 
importance  from  an  engineering  standpoint.  In  the  review,  the  mechanics 
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and  micromechanisms  of  the  subcritical  growth  of  small  fatigue  cracks  are 
examined,  and  aspects  of  their  propagation  behavior  are  contrasted  with 
those  of  long  cracks  in  terms  of  fracture  mechanics,  microstructure,  and 
environment.  Cracks  are  defined  as  being  small  i)  when  their  size  is 
small  compared  to  relevant  microstructural  dimensions  (a  continuum 
mechanics  limitation),  ii)  when  their  length  is  small  compared  to  the 
scale  of  local  plasticity  (a  linear  elastic  fracture  mechanics 
limitation),  or  iii)  when  they  are  simply  physically  small  (e.g.,  <  0.5- 
1  mm).  Since  all  three  types  of  small  flaw  are  known  to  propagate  faster 
than  (or  at  least  at  the  same  rate  as)  jrresponding  long  fatigue  cracks 
subjected  to  the  same  nominal  driving  force,  current  defect  tolerant 
fatigue  design  procedures  which  utilize  long  crack  data  can,  in  certain 
appl ications,  result  in  overestimates  of  lifetimes.  The  characteristics 
of  the  small  crack  problem  are  critically  reviewed  in  the  light  of  the 
influences  of  local  plasticity,  microstructure,  crack  ti p  environment, 
growth  mechanisms,  crack  driving  force,  and  the  premature  closure  of  the 
crack. 

2.3  Envi ronaental  Effects  Novel  to  the  Propagation  of  Short  Fatigue 

Cracks 

Crack  size  and  opening  morphology  dominate  the  mechanical  and 
chemical  driving  forces  for  fatigue  propagation  in  embrittling 
environments.  Similitude  based  on  a  crack  tip  field  parameter  is 
compromised,  particularly  for  small  cracks  (£  5  mm)  which  grow  up  to 
several  orders  of  magnitude  faster  than  projected  and  below  apparent 
threshold  conditions.  Environment  sensitive  mechanical  and  chemical 
mechanisms  which  govern  the  growth  of  small  cracks  are  reviewed.  For  the 
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former  the  retarding  effect  of  crack  closure;  originating  from  wake 
plasticity,  surface  roughness,  deflection,  corrosion  debris  or  fluid 
pressure;  increases  with  increasing  crack  size  particularly  within  the 
near  threshold  regime.  Data  for  high  strength  steel  in  H2  demonstrate 
the  importance  of  such  mechanisms,  however,  precise  models  of  crack  size 
dependencies  and  systematic  closure  measurements  are  lacking. 
Considering  the  chemical  driving  force,  the  embrittling  activity  of  the 
occluded  crack  differs  from  that  of  the  bulk  environment,  and  is  geometry 
dependent.  The  deleterious  influence  of  small  crack  size  is  demonstrated 
experimentally  for  steels  in  aqueous  chloride  solutions,  and  related 
quantitatively  to  crack  opening  shape  and  size  effects  on  diffusion, 
convective  mixing  and  electrochemical  reaction.  Small  crack  size 
promotes  hydrogen  embrittlement  due  to  enhanced  hydrolytic  acidification 
and  reduced  oxygen  inhibition.  Chemical  crack  size  effects  are  material 
and  environment  specific;  criteria  defining  limiting  crack  sizes  and 
opening  shapes  for  K  or  J-based  similitude  do  not  exist. 


3.  EXPERIMENTAL  PROCEDURES  AND  MATERIALS 


3.1  Materials 


The  following  commercial  wrought  aluminum  alloys,  namely  7150,  2024, 
2124,  and  lithium-containing  2090,  were  obtained  from  ALCOA  in  the 
solution  treated,  quenched  and  stretched  (2%)  conditions.  Nominal 
chemical  compositions  are  shown  below  in  Table  3.1.  All  alloys  were 
received  in  the  form  of  25  mm  thick  plate,  except  the  2090  which  was 
13  mm  plate. 
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Table  3.1:  Nominal  Chemical  Compositions  in  wt%  of  Alloys 


Si 

Fe 

Cu 

Li 

Mn 

Mg 

Cr 

Zn 

Ti 

Zr 

A1 

2024 

0.50 

0.50 

4.50 

—  0.50 

1.50 

0.10 

0.25 

0.15 

-- 

balance 

2124 

0.20 

0.30 

4.50 

—  0.50 

1.50 

0.10 

0.25 

0.15 

— 

balance 

7150 

0.07 

0.11 

2.10 

-- 

2.16 

-- 

6.16 

0.02 

0.13 

balance 

2090 

0.12 

0.10 

2.70 

2.20 

0.05 

0.25 

•  • 

0.15 

0.12 

balance 

Fatigue  tests  were  performed  on  6.4  mm  thick  compact  C(T)  test- 
pieces,  heat-treated  in  the  2124  and  7150  alloys  to  yield  peak-aged  (PA) 
microstructures  and  underaged  (UA)  and  overaged  (0A)  microstructures  at 
the  same  approximate  yield  strength.  The  rationale  for  this  was  to 
examine,  at  constant  yield  strength,  the  influence  of  different  plastic 
flow  mechanisms,  i.e.,  underaged  (i.e.,  T3)  structures  are  associated 
primarily  with  deformation  via  planar  slip  due  to  the  coherent  nature  of 
the  hardening  precipitates  whereas  overaged  (i.e.,  T7)  structures  are 
associated  with  a  more  homogeneous  wavy  slip  from  incoherent  particle 
hardening  mechanisms. 

Specific  heat  treatment  schedules  and  room  temperature  mechanical 
properties  are  listed  in  Tables  3.2  and  3.3,  respecti vely.  The  nature  of 
these  microstructures  has  been  discussed  elsewhere.^1  Briefly,  in  the 
7150  alloy,  underaged  structures  were  characterized  by  coherent  GP  zones 
( ^  4-8  nm  diameter),  which  were  replaced  in  the  T6  condition  by  semi- 
coherent  n'  precipitates  (Fig.  3.1).  T7  structures  were  hardened  by 
coarsened  n'  in  the  matrix  and  by  predominately  incoherent  n  precipitates 
in  both  matrix  and  grain  boundaries,  the  latter  resulting  in  small 
prec i pi tate- free-zones  (%  30  nm  half  width),  as  shown  in  Fig.  3.1c. 
Grains  were  pancake-shaped  with  an  approximate  size  of  15  by  5  um. 
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Table  3.2:  Heat-Treatments  Utilized 


7150  Alloy 


Underaged  ST*  +  1%  hr  at  121°C 

Peak  Aged  ST*  +  100  hr  at  1210C 

Overaged  ST*  +  24  hr  at  121°C 

+  40  hr  at  163<>C 

*ST  =  solution  treated,  stretched  2% 


2024  and  2124  Alloys 
ST*  +  naturally  aged  (ambient) 
ST*  +  12  hr  at  190<>C 
ST*  +  48  hr  at  190°C 


On  25  mm  gauge  length 


Table  3.3:  Room  Temperature 

Mechanical 

Properties 

of  Alloys  Tested 

■v 

Work 

r 

A 

Yield 

Redn. 

Hardening 

f 

Strength 

U.T.S. 

Elong.* 

Area 

Exponent 

j 

(MPa) 

(MPa) 

(*) 

(*) 

7150 

,S 

a 

Underaged 

371 

485 

6.8 

12.1 

0.055 

p 

j 

Peak  Aged  (T6) 

404 

480 

6.0 

10.3 

0.046 

H 

Overaged  (T7) 

372 

478 

7.1 

12.5 

0.058 

i 

2024 

i 

Unde.'aged  (T351) 

360 

471 

17.6 

24.3 

- 

j 

Peak  Aged  (T851) 

432 

473 

8.4 

22.6 

- 

5 

j 

a 

Overaged 

340 

471 

9.0 

22.8 

- 

2124 

i 

V 

Underaged  (T351) 

360 

488 

17.8 

26.7 

- 

% 

Peak  Aged  (T851) 

447 

479 

10.0 

23.3 

- 

V 

V 

Overaged 

370 

440 

10.2 

21.9 

- 

? 

,  1 

2090 

V 

•j 

Peak  Aged  (T851) 

535 

565 

11.0 

- 

- 

> 

> 

> 

4 

n 

j 


a 


0.06  MIB 


Fig.  3.1:  Transmission  electron  micrographs  of  a)  underaged,  b)  peak 
aged  (T6)  and  c)  overaged  (T7)  I/M  7150  aluminum  alloy. 
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In  the  2124  and  2024  alloys,  in  addition  to  the  widely  distributed 
second  phase  inclusions,  the  naturally  aged  (underaged)  structures  were 
also  strengthened  by  G-P  zones.  At  the  peak  aged  condition,  the  major 
strengthening  particles  include  the  Al-Cu  0"  and  the  magnesium-containing 
S'  phase,  both  semi-coherent.  The  overaged  structures  were  characterized 
by  the  formation  of  incoherent  0'  and  0  phases  in  the  matrix  and,  most 
noticeably,  along  the  grain  boundaries.  The  precipitate- free  zones  were 
readily  found.  The  grains  were  pancake  shaped  with  an  approximate 
diameter  of  350  urn  and  thickness  of  50  ym  (Fig.  3.2).  Corresponding 
heat-treatments  and  mechanical  properties  for  2024  and  2124  alloys  also 
are  listed  in  Tables  3.2  and  3.3. 

In  addition,  specimens  were  taken  from  a  plate  of  commercial 
lithium-containing  aluminum  alloy  2090.  The  material  was  furnished  by 
ACLOA  in  the  T8-E41  condition.  The  alloy  was  hot-rolled  to  a  thickness 
of  13  mm,  solution  treated  at  549°C,  water  quenched,  and  stretched  ^  6X 
prior  to  aging  24  hr  at  163°C.  The  chemical  composition  of  2090  is 
listed  in  Table  3.1;  mechanical  properties  (longitudinal  orientation)  are 
1  isted  in  Tabl e  3.3. 

The  microstructure  of  2090  consisted  of  large,  unrecrystal  1 ized 
grains  with  planar,  elongated  shape  (Fig.  3.3).  Grains  were  of 
approximate  size  20  ym  thick  in  the  short  direction,  500  ym  wide  in  the 
transverse  direction,  and  a  few  millimeters  long  in  the  rolling 
direction.  The  microstructure  of  2090  has  been  characterized  by  Rioja 
and  Ludwiczak.22  They  note  that  the  alloy  contains  four  metastable 
phases,  6',  8',  Tj,  and  T^,  which  are  thought  to  be  percursors  to  the 
equilibrium  8,  Tj,  and  T2  phases.  The  6'  phase  (AI3U)  normally  exists 
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as  spherical  precipitates,  but  small  prec ipitates  can  also  wet  the 
surfaces  of  the  i?'  ( A1  3  Z  r )  and  t|  (AlgCuLi-j)  phases.  It  is  thought  that 
the  s'  phase  is  responsible  for  the  strongly-di rectional  mechanical 
properties  of  this  alloy. 

3.2  Test  Procedures 

To  obtain  a  comparison  between  long  and  short  crack  near-threshold 
behavior  and  to  demonstrate  experimentally  that  the  anomalous  behavior  of 
through-thickness  short  cracks  results  from  a  lesser  effect  of  closure  in 
the  wake  of  the  crack  tip,  the  "3-in-l"  test  specimen/procedure  was 
utilized,  shown  schematically  in  Fig.  3.4. 

Starting  with  a  conventional  1-T  compact  C(T)  test-piece,  6.4  mm 
thick,  long  crack  threshold  tests  were  performed  at  50  Hz  using  standard 
load  shedding  procedures  to  determine  the  near-threshold  crack  growth 
behavior  and  the  value  of  the  fatigue  threshold  range  AKjh  for  long 
cracks*  (A).  To  demonstrate  the  effect  of  closure  in  the  wake  of  the 
crack  tip,  two  procedures  were  then  adopted  for  the  long  crack  arrested 
at  AKyH.  In  certain  specimens,  material  was  machined  away  behind  the 
crack  tip  to  "remove"  closure  in  the  wake.^’^  Conversely,  closure  was 
"removed"  by  applying  a  single  compression  overl oad.  “27  In  either 
case,  following  such  procedures,  the  subsequent  growth  of  the  formerly 
arrested  long  crack  was  monitored,  under  nominally  constant  IK 
conditions,  until  closure  re-developed  with  increase  in  crack  length  to 
approach  crack  arrest  (B).  The  third  stage  of  the  test  was  then  to 
carefully  machine  away  the  majority  of  the  test-piece  to  leave  a  (two- 
dimensional  ly)  small  crack  in  a  strip  of  metal  (C),  which  was  then  tested 


A.  Long  Crack  Threshold  Test 


Fig.  3 


B  Removal  of  Wake 


♦ 


_c 

v  Machine 

j  offtake 

G 

C.  Mochine  Off  to  Leave  Short  Crack 


0.  Short  Crack  Threshold  Test 


K-l 


Short  crock 

X 


i — 


.4:  Test  geometries,  procedures,  and  expected  results  for  the 
"3-in-l"  specimen  developed  to  experimentally  demonstrate  the 
role  of  closure  and  the  differences  between  long  and  short 
crack  behavior. 
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in  four-point  bend  to  investigate  near-  (and  sub-)  threshold  short  crack 
behavior  (D).2® 

In  addition,  tests  were  performed  to  examine  the  behavior  of 
naturally-occurring  (three-dimensional)  small  surface  cracks,  using 
replication  techniques.  The  replication  was  performed  with  cellulose 
acetate  tape  and  acetone  on  the  top  (tensile)  surface  of  rectangular  bend 
specimens  (64  mm  x  13  mm  x  6.4  mm),  tested  in  four-point  bending.  Tests 
were  carried  out  at  a  load  ratio  of  R  =  0.1  such  that  the  maximum  stress 
due  to  bending  was  0.9  times  the  yield  stress  of  the  material.  Prior  to 
testing,  specimens  were  metallographical ly  polished  and  etched  to  reveal 
the  grain  structure. 

3.3  In-Si tu  Crack  Closure  Measurements 

Despite  the  widespread  adoption  of  the  concept  of  fatigue  crack 
closure,  there  remains  much  uncertainty  as  to  the  most  reliable  methods 
of  measurement.  The  majority  of  procedures  involve  the  use  of  gauges  to 
obtain  a  compliance  curve  for  the  cracked  specimen  and  determining  the 
point  of  deviation  from  linearity  during  elastic  unloading  along  this 
curve.2®”®®  Other  methods  involve  laser  inferometry  techniques,®® 

1£  77 

electrical  potential  measurements,  ultrasonics  and  surface 
replication.*® 

Although  perhaps  the  most  accurate  of  all  procedures,  at  least  for 
surface  measurements,  the  laser  inferometry  technique  for  detecting  crack 
closure  requires  special  instrumentation.®®  Electrical  potential 
techniques,  although  widely  used  for  crack  length  measurement,  suffer 
from  the  presence  of  crack  surface  oxide  films  which  can  result  in 
uncertainty  on  the  exact  point  of  crack  surface  contact.  Replica 
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techniques  are  accurate,  but  provide  only  a  surface  measurement  and  do 
not  lend  themselves  to  automation.  For  standard  automated  testing, 
compliance  gauge  measurements  offer  the  most  practical  solution.  The 
gauges  can  be  mounted  at  the  crack  mouth  (e.g.,  clip  gauges),  on  the  side 
surfaces  (e.g.,  Elber  gauges)  or  on  the  back-face.  Location  on  the  side 
surfaces  is  not  preferred  as  measurements  become  strongly  sensitive  to 
the  position  of  the  crack  in  relation  to  the  gauge.  Of  the  remaining 
locations,  the  back-face  strain  approach  was  selected  as  it  offered 
substantially  greater  resolution  than  the  use  of  a  crack  mouth-mounted 
clip  gauge. 

The  back-face  strain  method,2®*30  used  to  evaluate  crack 
closure, 28.30-32  iS  5ase<j  on  compliance  measurements  from  a  strain  gauge 
mounted  on  the  back  face  of  the  specimen.  The  closure  stress  intensity, 
Kcl,  which  is  defined  at  first  contact  between  mating  crack  surfaces  on 
unloading,  is  measured  at  the  point  of  deviation  from  1  inearity  of  the 
elastic  unloading  compliance  curve. 

In  order  to  monitor  crack  closure  continuously  in  real  time  during  a 
high  frequency  (e.g.,  50  Hz)  fatigue  test,  an  algorithm  was  developed 
with  the  present  system  to  automate  the  process  of  deriving  the  point  of 
closure  from  compliance  data.  Load  and  back-face  strain  signals  were 
first  amplified  with  two  identical  amplifiers  and  digitized  to  feed  into 
a  PDP-11  computer.  Although  care  was  taken  to  keep  the  signals  in-phase, 
due  to  the  nature  of  the  amplifiers  some  phase  difference  between  the 
load  and  strain  signals  was  found  to  exist.  Since  this  can  introduce 
false  hysteresis  and  cause  error  in  the  closure  measurement,  a  phase 
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shifting  circuit  was  used  for  compensation.  Active  filter  circuits  are 
also  used  to  remove  the  high  frequency  noise  in  the  measurement  system. 

In  order  to  automate  detection  of  the  closure  point  at  first 
deviation  in  linearity  from  the  unloading  compliance  curve,  the  straight 
line  portion  of  the  curve  was  defined  as  the  correlation  coefficient  used 
as  an  indicator  for  linearity.  First,  starting  from  maximum  load,  points 
from  5  to  101  of  the  total  curve  were  used  to  determine  the  baseline 
correlation  coefficient.  Points  were  then  added  one  by  one  to  the  data 
set  and  correlation  coefficients  calculated.  Since  the  correlation 
coefficient  will  decrease  if  the  next  point  deviates  from  linearity,  and 
increase  if  it  falls  on  the  straight  line,  the  closure  point  was  defined 
where  the  correlation  coefficient  had  the  highest  value,  i.e.,  at  the  end 
of  the  straight  line  portion  of  the  curve. 

This  technique  was  relatively  immune  to  signal  noise  because  the 
correlation  coefficient  is  itself  an  indicator  of  noise.  Moreover,  its 
use  removes  the  ambiguities  inherent  in  the  manual  determination  of 
closure.  Accuracy  depends  primarily  on  the  accuracy  of  the  digitizing 
process  and  the  noise  level.  Sensitivity  and  the  speed  of  the  analog-to- 
digital  converter  are  also  crucial  to  the  success  of  the  method.  In  the 
present  system,  where  the  speed  of  the  algorithm  was  a  strong  function  of 
the  computation  speed,  the  unloading  compliance  curve  was  digitized  into 
about  350  points  within  a  half  fatigue  cycle,  and  involved  a  computation 
process  of  about  10  seconds.  This  readily  permitted  closure  measurements 
to  be  made  automatically  during  the  test  approximately  once  every  30 
seconds. 
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4.  ME CHAN I SMS  OF  CRACK  TIP  CLOSURE  IN  7150  ALLOY 


4.1  Introduction 

Recent  studies  Into  the  mechanics  and  mechanisms  of  fatigue  have 
identified  a  prominant  role  of  crack  closure  in  influencing  crack 
propagation  behavior  (e.g.,  refs.  13,16,19-21,23-28,33-35,37-45).  This 
is  particularly  apparent  at  low  growth  rates  (i.e.,  below  ^  10"9  m/cycle) 
near  the  fatigue  threshold  stress  intensity  range  for  no  crack  growth, 
AKjH.  In  this  regime,  the  origin  of  such  closure  has  been  associated 
with  mechanisms  such  as  crack  surface  corrosion  deposits, 37"*®  irregular 
fracture  morphologies  coupled  with  crack  tip  shear  d i spl acements,**-*3 
and  fluid-induced  pressure**  in  addition  to  conventional  mechanisms 
relying  on  cyclic  plasticity33  (Fig.  4.1).  The  effect  of  the  closure, 
which  induces  contact  between  mating  fracture  surfaces  at  positive  stress 
intensities  (Kc^)  during  the  loading  cycle,  is  to  reduce  the  local 
driving  force  for  crack  advance  from  nominally  applied  levels,  e.g., 
AK  a  Nnax  "  Kmin»  t0  some  near-tip  effective  level,  AKeff  =  Kmax  -  Kcl, 
where  Kmax,  Kro^n,  Kc^  and  AK  are  the  maximum,  minimum,  closure  and  range 
of  stress  intensity,  respecti vely. 

Effects  of  variable  amplitude  loading,  frequency,  load  ratio, 
microstructure,  environment  and  temperature  have  all  been  associated  with 
closure  phenomena  (for  review,  see  ref.  45).  Elber33  first  appl  ied  the 
concept  of  (plasticity-induced)  closure  to  cyclic  behavior  in  aluminum 
alloys  in  an  attempt  to  explain  variable  amplitude  loading  and  load  ratio 
effects  in  these  alloys.  Subsequent  studies  in  this  system  have  focussed 
largely  on  effects  of  microstructure  and  environment.  An  important 
mechanism  in  aluminum  alloys  appears  to  be  associated  with  roughness- 
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Fig.  4.1:  Schematic  illustration  of  primary  mechanisms  of  fatigue  crack 
closure  and  the  nomenclature  required  in  the  definition  of 
stress  intensities  representative  of  the  fatigue  cycle. 
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induced  cl osure,*1"*3  where  it  has  been  suggested  that  the  strongly 
crystallographic  nature  of  crack  paths,  particularly  in  underaged 
structures,  promotes  closure^-^3  and  crack  deflection^®  and  thus  reduces 
near-threshold  growth  rates. 

In  the  present  work,  effects  of  microstructure  during  precipitation 
hardening  are  examined  on  fatigue  crack  propagation  in  a  high  purity  7150 
alloy,  for  underaged,  peak-aged  and  overaged  conditions,  in  the  light  of 
quantitative  measurements  oxide  film  thickness,  fracture  surface 
roughness  and  closure  stress  intensity  values.  It  is  shown  that  near¬ 
threshold  growth  rates  are  slowest  in  underaged  structures,  consistent 
with  the  highest  measured  closure  loads,  and  the  most  deflected  crack 
paths.  Little  evidence  of  oxide-induced  closure  could  be  detected. 

4.2  Results 

Growth  Rate  Behavior: 

The  variation  in  fatigue  crack  propagation  rates  (da/dN)  with  stress 
intensity  range  (A K)  for  7150  in  the  underaged  (UA),  peak-aged  (PA)  and 
overaged  (0A)  conditions  is  shown  in  Fig.  4.2  for  load  ratios  of  0.10  and 
0.75.  Although  growth  rates  above  ^  10"®  m/cycle  are  similar  at  each 
load  ratio  for  all  three  microstructures,  at  near-threshold  levels  it  is 
evident  that  underaged  structures  show  the  highest  fatigue  resistance  in 
terms  of  lowest  growth  rates  and  highest  threshold  AKyH  values.  Compared 
to  the  underaged  structure,  threshold  AKy^  values  in  these  results  are 
roughly  15X  and  281  lower  in  the  peak-aged  and  overaged  structures, 
respectively,  at  R  *  0.10  (Table  4.1).  Thresholds  are  similarly  reduced 


UMMrvumMIMNMMliatMUNILaBJIUWlWH'UW  WWLAlLJVMIffnVlinitfKJUm 

-20- 


A  K  (Its  I  Vm  ) 


Fig.  4.2:  Variation  in  fatigue  crack  growth  rate  (da/dN)  as  a  function 
of  stress  intensity  range  (AK)  for  I/M  7150  aluminum  alloy 
tested  at  R  5  0.10  and  0.75  in  controlled  moist  air.  Data 
are  shown  for  underaged,  peak-aged  (T6)  and  overaged  (T7) 
microstructures. 
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with  Increased  aging  at  R  *  0.75,  although  the  absolute  magnitude  of  the 
differences  in  AKy^  values  is  much  smaller. 

Crack  Closure  Oata: 

Corresponding  crack  closure  data,  in  terms  of  back-face  strain 
measurements  of  Kci/K^gx  as  a  function  of  AK,  are  shown  in  Fig.  4.3  for 
the  three  microstructures  at  both  R  =  0.10  and  0.75.  Similar  to  behavior 
reported  for  several  ferrous  and  non-ferrous  alloys  at  low  load  ratios 
(e.g.,  refs.  27,28,34),  the  degree  of  crack  closure  increases  sharply 
with  decreasing  AK  level,  approaching  a  maximum  of  Kci/Kmax  close  to 
unity  at  AKyH.  Although  no  evidence  of  closure  could  be  detected 
experimentally  in  any  microstructure  at  R  =  0.75,  at  low  load  ratios 
underaged  structures  showed  the  highest  closure  levels,  consistent  with 
their  highest  thresholds. 

Fractography: 

Scanning  electron  micrographs  of  the  fatigue  fracture  surfaces  close 
to  AKyH  in  the  three  aging  conditions  are  shown  in  Fig.  4.4.  The 
fractography  is  transgranular  in  all  cases  with  evidence  of  slip  steps, 
ledges  and  facets.  Such  facets  are  particularly  pronounced  in  the 
underaged  structure  and  have  an  appearance  characteristic  of 
crystallographic  fatigue  surfaces.  The  rougher  or  more  tortuous  nature 
of  the  crack  path  in  the  underaged  structures  can  be  seen  more  clearly  in 
Fig.  4.5  where  crack  profiles  are  shown  for  the  three  conditions.  In 
contrast  to  the  zig-zag  appearance  of  underaged  fractures,  crack  paths  in 
the  overaged  structures  are  predominately  linear  with  far  fewer  crack 
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Fig.  4.4:  Scanning  electron  micrographs  of  fatigue  fracture  surfaces 
close  to  AKjh  (R  =  0.10)  in  I/M  7150  aluminum  alloy,  showing 
the  morphology  in  a)  underaged,  b)  peak-aged  (T6)  and  c) 
overaged  (T7)  microstructures. 


Fig.  4.5:  Crack  path  morphology  of  near-threshold  fatigue  cracks  in 
I/M  7150  aluminum  alloy  in  the  a)  underaged,  b)  peak-aged 
(T6)  and  c)  overaged  (17)  conditions. 
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Associated  Auger  measurements  of  the  extent  of  crack  surface 
corrosion  deposits  are  shown  in  Fig.  4.6.  In  marked  contrast  to  behavior 
in  lower  strength  steels,37,40  there  is  no  evidence  in  this  present  alloy 
of  any  pronounced  oxide  accumulation  within  the  crack  even  at  threshold 
levels.  Oxide  films  were  similar  for  all  aging  conditions  at  both  load 
ratios  with  a  measured  thickness,  of  the  order  of  3  nm,  comparable  with 
the  limiting  thickness  of  natural ly-occurring  oxides  in  this  alloy.  As 
listed  in  Table  4.1,  the  excess  oxide  film  thicknesses  in  7150  are  small 
compared  to  computed  values  of  the  cyclic  crack  tip  opening  displacements 
(ACTOD)  indicating  that,  for  this  alloy  tested  in  room  air  environments, 
the  contribution  from  oxide-induced  crack  closure  is  likely  to  be 
minimal . 

4.3  Discussion 

Similar  to  other  aluminum  alloys  (e.g.,  refs.  21,27,28,47),  the 
present  results  on  a  high  purity  7150  alloy  indicate  clearly  that 
underaged  microstructures  have  superior  near-threshold  fatigue  crack 
propagation  resistance  to  overaged  and  peak-aged  microstructures.  This 
is  seen  in  terms  of  lower  growth  rates  below  'v  10"°  m/cycle  and  higher 
threshold  AKyH  values  at  both  low  and  high  load  ratios,  although  the 
magnitude  of  the  effect  is  diminished  at  R  =  0.75  (Fig.  4.2).  The  higher 
thresholds  in  the  underaged  structures  are  consistent  with  an  increased 
magnitude  in  crack  closure  (Fig.  4.3),  faceted  and  crysta 11 ograph i c 
fracture  surfaces  (Fig.  4.4)  and  more  tortuous  crack  paths  (Fig.  4.5), 
compared  to  the  smoother,  more  linear  (undeflected)  crack  morphology  in 
overaged  structures.  Data  indicating  this  trend  of  lower  thresholds  with 
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4.6:  Scanning  Auger  spectroscopic  measurements  of  excess  crack 
surface  oxide  deposits  as  a  function  of  fatigue  crack  length 
and  growth  rate  (da/dN).  Data  points,  for  I/M  7150  aluminum 
alloy  in  the  underaged  (UA),  peak-aged  (PA)  and  overaged 
(0A)  microstructures  are  compared  with  prior  data^O  on  lower 
strength  steels  at  low  load  ratios. 
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decreasing  Kc i / Kma x  values  and  decreasing  degrees  of  fracture  surface 
roughness  for  increased  aging  are  listed  in  Table  4.1. 

In  keeping  with  current  notions  on  the  role  of  crack  closure, this 
trend,  is  to  be  expected.  Akin  to  behavior  in  dual  phase  steel s,^  beta- 
annealed  titanium^  and  aluminum-lithium  alloys, generation  of  a 
meandering  crack  path,  either  by  crack  deflection  at  harder  phases  or  in 
the  present  case  by  crystallographic  deflection  at  grain  boundaries,  can 
lead  to  slower  fatigue  crack  growth  rates  through  a  reduction  in  local 
crack  driving  force.  This  results  from  three  major  factors:  i)  lower 
effective  da/dN  due  to  a  longer  path  length  of  the  crack,  ii)  lower 
effective  stress  intensities  at  the  crack  tip  due  to  crack  deflection 
from  the  plane  of  maximum  tensile  stress,  and  iii)  lower  effective 
ranges  of  stress  intensity  at  the  crack  tip  due  to  the  resulting 
production  of  increased  crack  closure  due  to  asperity  contact  behind  the 
crack  tip.  Since  the  thicknesses  of  crack  surface  oxide  films  are  so 
small  compared  to  CTOD  values,  it  would  appear  that  the  major 
contribution  to  this  closure  in  the  present  alloy  originates  from  the 
roughness-induced  mechanism  (Fig.  4.1),  aided  by  the  rough  out-of-plane 
crack  morphologies  and  the  crack  tip  shear  displacements  which  result. 
These  effects  are  far  less  pronounced  in  the  overaged  structures  where 
crack  paths  are  more  linear  (Fig.  4.5)  such  that  corresponding  crack 
growth  rates  are  higher.  Furthermore,  at  the  high  load  ratios, 
differences  between  underaged  and  overaged  microstructures  are  reduced 
because  the  role  of  crack  closure  is  diminished  at  the  larger  crack 
opening  displacements  (Fig.  4.3). 


This  argument  is  consistent  with  previous  explanations  based  solely 
on  microstructural  factors. ^  In  underaged  precipitation  hardening 
systems,  where  the  mode  of  alloy  hardening  is  primarily  the  shearing  of 
small  coherent  precipitates,  the  resulting  heterogeneous  deformation 
(i.e.,  coarse  planar  slip)  promotes  a  crystal  1 ographic  crack  path. 
Because  slip  is  occurring  on  fewer  slip  systems,  the  degree  of  slip 
reversi bi 1 i ty  is  greater  and  hence  the  crack  tip  damage  per  cycle  is 
less.  Conversely,  in  overaged  systems  where  the  mode  of  hardening  is  now 
Orowan  bypassing  of  larger,  semicoherent  or  incoherent,  non- shearabl e 
precipitates,  the  resulting  homogeneous  deformation  (i.e.,  wavy  slip) 
generates  a  far  more  planar  fracture  surface  due  to  the  larger  number  of 
finer  slip  steps.  This  leads  to  greater  slip  i  rreversi  bi  1  i  ty  and  more 
crack  tip  damage  per  cycle.  Furthermore,  the  larger  precipitate  free 
zones  in  overaged  7000  series  aluminum  alloys,  arising  from  the  growth  of 
incoherent  grain  boundary  precipitates,  must  contribute  somewhat  to  the 
lower  fatigue  resistance  in  these  microstructures. 

Finally,  it  is  interesting  to  note  that  the  microstructures  which 
show  superior  fatigue  crack  growth  resistance  at  near-threshold  levels  do 
not  necessarily  retain  such  resistance  at  higher  growth  rates.  For 
example,  although  the  effect  is  not  apparent  in  7150  (Fig.  4.2), 
underaged  microstructures  in  many  aluminum  alloys  show  faster  growth 

Q 

rates  above  ^  10’3  m/cycle,  and  slower  growth  rates  close  to  AK-j-h, 
compared  to  overaged  structures.  Such  observations  tend  to  support 
explanations  based  on  crack  closure  since  at  higher  growth  rates,  with 
associated  larger  crack  tip  opening  displacements,  the  effect  of  closure 
mechanisms  relying  on  asperity  contact  (i.e.,  roughness-induced)  would  be 


reduced.  Conversely,  where  crack  closure  and  deflection  mechanisms  are 
important,  e.g.,  for  transient  crack  growth  behavior  under  variable 
amplitude  loading  conditions,  underaged  structures  clearly  show  the 
longest  post-overload  retardations  and  the  highest  general  resistance  to 
crack  growth.  However,  these  planar  slip  characteristics  of  coherent 
particle  precipitation  hardened  systems,  which  are  so  important  in 
generating  superior  fatigue  crack  growth  resistance  through  inhomogeneous 
deformation,  rough  crystallographic  crack  paths  and  enhanced  closure  and 
deflection,  can  lead  simultaneously  to  inferior  crack  initiation 
toughness  from  a  greater  tendency  for  strain  localization.  This  is 
particularly  evident  in  alumi num-1  i thium  alloys  where  the  increased 
coherency  between  lithium-containing  intermetal  1  ics  and  the  matrix  can 
result  in  exceptionally  good  fatigue  crack  propagation  resistance,27,47 
through  enhanced  crack  path  tortuosity,  yet  at  the  same  time  can 
produce  extremely  low  fracture  toughness  values. 

4.4  Conclusions 

Based  on  a  study  of  fatigue  crack  propagation  behavior  in  high 
purity  7150  aluminum  alloy  tested  at  high  and  low  load  ratios  in  moist 
air  with  under,  peak  and  overaged  mi crostructures ,  the  following 
conclusions  can  be  made: 

i)  With  increased  aging,  resistance  to  fatigue  crack  extension  is 
decreased,  in  the  form  of  faster  near-threshold  growth  rates  and  lower 
fatigue  threshold  values,  consistent  with  reduced  measured  levels  of 
crack  closure  and  a  decreasing  tortuosity  in  crack  path. 
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ii)  The  superior  fatigue  crack  growth  resistance  of  the  underaged 
structures  is  attributed  to  greater  slip  reversi bi  1  i ty  and  to  enhanced 
roughness- induced  crack  closure  and  deflection  from  more  tortuous  crack 
paths,  factors  which  result  from  the  non-homogeneous,  planar  slip 
characteristics  of  deformation  in  microstructures  hardened  by  coherent 
(shearable)  precipitates. 

iii)  Crack  flank  corrosion  deposits  in  all  mi crostructures  were 
small  compared  to  near-threshold  crack  tip  opening  displacements  at  both 
load  ratios,  indicating  that  the  contribution  from  oxide-induced  crack 
closure  in  this  alloy  is  minimal. 

5.  DEVELOPMENT  OF  CRACK  CLOSURE  FOR  LONG  AND  SHORT  CRACKS 

5.1  Introduction 

In  recent  years  the  existence  of  a  fatigue  threshold,  representing  a 
stress  intensity  range  AKyH  below  which  long  cracks  appear  dormant,  has 
been  shown  to  be  intimately  associated  with  the  development  of  crack 
closure  in  the  wake  of  the  crack  tip  {e.g.,  refs.  34,45).  Such  closure, 
which  results  from  interference  between  mating  fracture  surfaces,  acts  to 
reduce  the  local  crack  driving  force  from  nominal  levels,  based  on  global 
measurements  of  applied  loads  and  crack  size,  e.g.,  A K,  to  some  lower 
effective  near-tip  level,  e.g.,  AKeff.  There  is  also  a  growing  body  of 
evidence  that  suggests  that  the  "anomalous”  behavior  of  small  cracks, 
which  are  small  compared  to  microstructural  size-scales  or  the  extent  of 
local  plasticity  or  simply  physically  small  [<  1  mm),  is  linked  similarly 
to  the  development  of  closure, *0*13, 16, 19, 28, 35  as  such  cracks  can 


initiate  and  grow  at  progressi vely  decreasing  growth  rates  below  the 
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threshold  before  arresting  or  merging  with  long  crack  behavior  (Fig. 
2.1).  Specifically,  small  cracks  by  virtue  of  their  limited  wake  are 
presumed  initially  to  be  only  marginally  influenced  by  closure  (e.g., 
refs.  13,16,19)  such  that,  compared  to  equivalent  long  cracks  at  the  same 
nominal  driving  force,  their  effective  driving  force  is  higher,  implying 
violation  of  K  or  J-based  similitude.  With  increasing  length,  the 
corresponding  development  of  closure  can  compensate  initially  for  the 
increase  in  nominal  AK,  such  that  the  effective  driving  force  can  pass 
through  a  minimum,  with  a  corresponding  minimum  in  growth  rates.  Crack 
closure,  however,  is  only  one  of  several  mechanisms  which  may  contribute 
to  discrepancies  between  long  and  short  crack  behavior*0  although,  in  the 
absence  of  major  electrochemical  effects,20  it  appears  to  be  the  most 
signi ficant. 

Evidence  to  support  such  hypotheses  is  still  comparatively  limited, 
due  possibly  to  theoretical  difficulties  with  the  mechanics  of  cracks  of 
limiting  continuum  dimensions  and  experimental  difficulties  in  monitoring 
their  crack  propagation  and  closure  behavior.  Studies  in  lower  strength 
steels  have  claimed  a  direct  correspondence  between  short  crack  and 
conventional  long  crack  growth  rate  data  when  closure  is  accounted  for 
through  characterization  with  AKeff,  based  on  experimental  Kc-] 
measurements.*0,40  Mechanistically,  this  is  difficult  to  rationalize  as 
current  models  for  crack  closure,  which  rely  on  mechanisms  involving 
cyclic  wake  plasticity,00  crack  surface  corrosion  product  formation,00-40 
fracture  surface  roughness4*-40  fluid  pressure  within  the  crack,44  and 
metallurgical  phase  transformations40  (summarized  in  Fig.  4.1),  in 
general  do  not  define  a  crack  size  dependence  of  closure  forces. 
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However,  analytical  modelling  of  fluid-induced  closure44  and  experimental 
measurements  of  roughness- induced  closure  alloys28,49  do  show  increasing 
closure  with  increasing  crack  length  until  "saturation"  long  crack  levels 
are  reached. 

One  promising  experimental  approach  to  describing  this  role  of  crack 
closure  in  influencing  near-threshold  long  cracks  and  sub-threshold  short 
cracks  has  been  to  monitor  behavior  following  the  physical  removal  of 
closure  forces.  This  has  been  achieved  principally  through  the  micro¬ 
machining  of  material  left  in  the  wake  of  the  crack  tip,24,28,34,49 

pc 

although  one  study  has  employed  single  compression  overloads.  These 
procedures  have  the  added  advantage  of  defining  the  most  prominent 
location  of  closure  along  the  crack  length.  Recent  work  employing 
mechanical  or  electro-discharge  machined  slots  to  remove  wake  material  in 
P/M  and  I/M  aluminum  alloys  and  in  low  alloy  steels24,28,34,49  have  shown 
i)  that  long  cracks  previously  arrested  at  the  threshold  AKyH  behave  as 
short  cracks  and  recommence  to  propagate  at  threshold  levels  and  ii)  that 
closure  well  behind  the  crack  tip  is  relatively  less  important  compared 
to  near-tip  closure  (i.e.,  within  1  mm  or  so  from  the  tip). 

The  objective  of  the  present  investigation  is  to  utilize  this 
technique  to  examine  the  development,  location  and  effect  of  crack 
closure  on  arrested  threshold  fatigue  cracks  in  under,  peak  and  overaged 
microstructures  in  a  7150  aluminum  alloy,  where  the  salient  mechanisms  of 
closure  are  a  strong  function  of  the  degree  of  precipitation  hardening. 

5.2  Fatigue  Testing 

Constant  amplitude  crack  growth  data  were  obtained  between  x  10*3 
and  10‘8  mm/cycle  under  both  decreasing  and  increasing  AK  conditions. 
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Procedures  involved  in  the  wake  removal  experiment:  are  shown 
schematically  in  Fig.  3.4.  A  threshold  long  crack,  with  total  length 
(including  notch)  typically  of  ^  25  mm,  was  produced  by  manual  load 
shedding  until  arrest  at  AKyH.  Material  in  the  wake  of  the  crack  tip  was 
then  removed  progressively  in  steps  of  roughly  1  mm,  whilst  the  specimen 
was  maintained  at  mean  load,  using  a  fine  jeweler's  saw  with  a  width  of 
cut  of  approximately  300  ym.  The  micro-machining  was  conducted  extremely 
slowly  to  minimize  heating  effects.  Closure  measurements  to  determine 
Kc^  values  were  performed  after  each  machining  step,  with  the  remaining 
fatigue  crack  varying  in  length  (a)  between  7.5  and  0.5  mm.  Following 
removal  of  material  to  within  500  ym  of  the  tip,  cyclic  loads  were 
reapplied  to  maintain  a  constant  AK  *  AKyH,  and  subsequent  crack 
extension  and  closure  behavior  closely  monitored.  As  the  presence  of  the 
machined  notch  can  affect  the  nominal  stress  intensity  K  at  the  tip  of 
the  fatigue  crack,  it  is  necessary  to  show  that  notch  correction  factors 
do  not  compromise  the  interpretation  of  the  wake  removal  experiments. 
For  a  small  flaw,  of  length  a,  emanating  from  a  notch  of  length  c,  i.e., 
total  length  a  =  c  +  3,  the  limiting  K  solutions  for  the  short  and  long 
crack,  K$  and  K^,  respectively,  are  given  in  terms  of  the  nominal  stress 
°nom*  and  the  stress  concentration  of  the  notch  kt,  as:^ 

Ks  "  l.H  kt  anon/^  •  (5.1) 

and  K-\  *  Q  on0(rf/ rfa  ,  (5.2) 

where  Q  is  the  geometrical  factor  tabulated  in  handbooks^1  and  the 
nominal  stress  for  the  compact  specimen  is  given  in  terms  of  applied  load 
P,  specimen  width  W,  and  thickness  B,  as: 
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_  2P(2W  +  c) 


(5.3) 


With  increasing  flaw  size,  a,  the  actual  K  solution  initially  follows  Eq. 
5.1  until  a  transition  flaw  size,  3*,  is  exceeded,  whereupon  the  notch 
concentration  is  no  longer  felt  and  the  K  solution  approximates  to  Eq. 
5.2.  The  transition  size,  where  K$  =  K^,  can  be  considered  as  the  extent 
of  the  elastic  field  of  the  notch5^  and  is  given  by: 


I1.12  kt/Q)2  -  1 


(5.4) 


These  K  solutions  are  plotted  in  Fig.  5.1  as  a  function  of  a  for  the 
present  experimental  conditions  at  AKyH  of  P  ^  0.55  kN  and  c  ^  23  mm. 
With  the  compact  geometry  of  W  =  50  mm  and  B  =  6.4  mm,  kt  for  the  micro- 
machined  notch,  with  root  radius  p  ^  0.2  mm,  was  taken  to  be  of  the  order 
of  8  from  the  numerical  calculations  of  Wilson.52  It  is  apparent  that 
the  notch  field  is  felt  only  for  flaw  sizes  below  a  *  50  um  (i.e., 
a  ^  P/4).  As  the  minimum  length  of  the  remaining  fatigue  crack,  a,  in 
the  current  experiments  was  a  factor  of  10  larger  than  this,  i.e.,  ^  2% 
times  the  root  radius  of  the  notch,  Eq.  5.2  relevant  to  the  C(T)  geometry 
was  utilized  for  all  K  computations  with  no  notch  correction  factors 
incorporated.  Furthermore,  crack  growth  was  assumed  to  be  beyond  any 
mechanically  damaged  zone  due  to  the  machining. 

5.3  Results 

The  variations,  with  stress  intensity  range  ( aK) ,  of  crack  growth 
rates  (da/dN)  and  corresponding  crack  closure  at  R  =  0.10  and  0.75  are 
shown  respectively  in  Figs.  4.2  and  4.3  for  7150  alloy  as  a  function  of 
aging  treatment.  Although  behavior  is  similar  at  high  load  ratios,  at 
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Fig.  5.1: 


Long  and  short  crack  limiting  stress  intensity  solutions,  K] 
and  Ks  respectively,  for  a  small  flaw  (length  a)  emanating 
from  a  notch  (length  c,  root  radius  p)  in  the  compact  C(T) 
geometry.  K  calculations  are  relevant  to  current 
experimental  conditions  at  threshold  levels  with  an  applied 
load  P  of  0.55  kN  and  c  *  23  mm. 


R  *  0.10  near- threshold  growth  rates  are  slowest,  and  threshold  values 
highest,  in  the  underaged  microstructures,  consistent  with  their  highest 
measured  levels  of  closure.  As  described  in  Section  4,  the  extent  of 
closure  at  R  =  0.10  in  all  three  structures  progressively  increases  with 
decreasing  AK  as  the  threshold  is  approached,  with  Kcl/Kmax  +  1  as 
AK  -*•  AKyH.  No  closure  could  be  detected  experimental ly  at  R  =  0.75. 

The  specific  location  of  such  closure  can  be  inferred  from  the  wake 
machining  experiments.  Shown  in  Fig.  5.2  is  the  variation  in  closure 
plotted  as  a  function  of  remaining  fatigue  crack  length  during  removal  of 
the  wake  of  cracks  arrested  at  AKyH.  Results  for  all  three 
microstructures  are  plotted  in  the  form  of  the  ratio  of  Kcl/Kmax  as  a 
function  of  the  remaining  fatigue  crack  length,  a,  normalized  by  the 
initial  length  of  the  threshold  crack,  ayH.  Similar  to  observations  on 
T6  alloys,21*^  although  the  extent  of  closure  is  fairly  evenly 
distributed  over  the  majority  of  the  crack  length,  roughly  50%  is 
confined  to  a  region  within  ^  500  ym  of  the  crack  tip  at  R  =  0.10.  For 
example,  at  AKyH  in  the  peak  aged  alloy,  the  arrested  fatigue  crack,  of 
length  a  ~  7.5  mm,  has  a  closure  stress  intensity  Kcl  ~  2.5  MPa/iii 
(AKeff  -  0.4  MPa«/in)  at  the  nominal  threshold  of  AKy^  =  2.6  MPa/in 
(R  =  0.10).  After  removal  of  ^  7.0  mm  of  wake,  closure  is  reduced,  i.e., 
Kci  ~  1.1  MPa/m  (AKgyy  ~  1.8  MPa/iii),  and  must  be  confined  to  the  very 
near- tip  region.  It  is  noticeable,  however,  that  the  overaged  condition, 
which  develops  the  least  closure  overall  at  near-threshol d  stress 
intensities,  also  has  the  least  closure  removed  by  micro-machining  of  the 
wake  material.  As  expected,  the  absence  of  detectable  closure  at  high 
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load  ratios  was  not  changed  during  subsequent  removal  of  the  wake  of 
threshold  cracks  arrested  at  R  *  0.75  (Fig.  5.2). 

The  effect  of  the  reduction  in  closure  from  micro-machining  is 
readily  apparent  by  immediate  re-cycling  of  previously  arrested  threshold 
cracks,  following  wake  removal,  at  a  constant  stress  intensity  range  of 
AK  *  A^th*  As  shown  in  Figs.  5.3  and  5.4,  even  though  nominal  AK  levels 
do  not  exceed  the  threshold,  crack  growth  re-commences  in  all  three 
microstructures  at  R  a  0.10  with  the  locally  increased  AKgff.  After  an 
initial  acceleration,*  subsequent  growth  rates  in  the  under  and  peak  aged 
structures  reach  a  plateau  after  ^  20  and  ^  50  pm  of  crack  extension 
(i.e.,  roughly  2  to  7  times  the  maximum  plastic  zone  size)  but  do  not  re¬ 
arrest  completely  (Fig.  5.3).  This  presumably  is  due  partly  to 
experimental  difficulties  in  maintaining  constant  AK  control  at  the 
threshold  value  in  a  growth  rate  regime  where  the  dependence  of 
propagation  rates  on  stress  intensity  range  is  very  strong.  Behavior  in 
the  overaged  structure  is  somewhat  different  in  that  growth  rates 
following  re- i n i tiati on  are  high  but  progressi vely  decelerate  to  an 
apparent  plateau  after  approximately  100  un  of  further  crack  extension 
(i.e.,  roughly  15  times  the  maximum  plastic  zone  size).  When  plotted  in 
terms  of  da/dN  vs.  AK  in  Fig.  5.4,  such  behavior  clearly  resembles  that 
of  short  cracks.  Kci  measurements  carried  out  where  the  growth  rates 
approach  the  plateau  indicated  that  closure  was  being  regenerated  to 


*Short  delays  of  ^  5  x  10^  and  %  3  x  10^  cycles  were  observed  in  under 
and  peak  aged  structures,  respecti vely,  at  the  start  of  cycling 
following  micro-machining  (Fig.  5.3).  Such  delayed  re-initiation  was 
conspicuously  absent  for  overaged  structures  and  is  of  unclear  origin. 
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Fig.  5.3: 


Fatigue  crack  growth  behavior,  in  terms  of  crack  length 
versus  number  of  cycles,  in  7150  aluminum  alloy  cycled  at  a 
constant  AK  equal  to  the  threshold  AKjh,  before  and  after 
removal  of  material  in  the  wake  of  the  tip  of  arrested  crack 
(remaining  fatigue  crack  length  a  =  500  um).  Data  are  shown 
for  a)  underaged  structure  at  R  *  0.10,  b)  peak-aged 
structure  at  R  *  0.10  and  0.75,  and  c)  overaged  structure  at 
R  «  0.10. 
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Fig.  5.4: 


Fatigue  crack  growth  rate  behavior  of  previously  arrested 
threshold  cracks  immediately  following  removal  of  material 
left  in  the  wake  to  within  500  urn  of  the  crack  tip  (open 
symbols).  Data  for  7150  aluminum  alloy  at  R  =  0.10  in  a) 
underaged,  b)  peak-aged,  and  c)  overaged  conditions. 
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levels  approaching,  but  always  less  than,  that  for  the  constant  amplitude 
data  (Table  5.1).  However,  for  the  tests  performed  at  high  load  ratios 
on  the  peak  aged  condition,  where  no  closure  could  be  measured,  no 
development  of  closure  or  further  extension  of  the  arrested  threshold 
cracks  could  be  detected  on  re-cycling  at  AKjH  (Fig.  5.3b). 

The  near-threshol d  fractography  associated  with  such  behavior  is 
summarized  in  Fig.  4.5  and  is  described  in  Section  4.  Briefly,  fracture 
surfaces  in  the  underaged  microstructures  at  low  AK  levels  are 
comparatively  rough  and  faceted  with  a  crack  path  morphology  showing  many 
examples  of  deflection.  With  increased  aging,  fracture  surfaces  become 
progressively  smoother  with  an  essentially  linear  profile  in  crack  path. 

5.4  Discussion 

The  present  study,  whereby  cracks  arrested  at  AKjH  recommence  to 
propagate  due  to  a  reduction  in  Kc^  following  wake  removal,  provides 
further  confirmation  that  the  existence  of  a  fatigue  threshold  for  the 
propagation  of  "long"  cracks  at  low  load  ratios  is  controlled  primarily 
by  a  decrease  in  local  driving  force  due  to  the  development  of  crack 
closure  in  the  wake  of  the  crack  tip.  The  lack  of  a  similar  effect  at 
high  load  ratios  is  consistent  with  this  notion  as  the  role  of  closure  is 
minimized  there  from  the  larger  crack  opening  displacements.  Further,  by 
monitoring  the  reduction  in  Kc-|  during  the  removal  process,  it  is  also 
clear  that,  although  such  closure  is  distributed  fairly  evenly  over  most 
of  the  crack  length,  as  much  as  50*  is  confined  to  the  crack  tip  region 
within  500  pm  or  so  from  the  tip.  It  should  be  noted  at  this  point  that 
the  above  interpretation  of  the  wake  removal  experiments,  which  also 
represent  the  behavior  of  physically  short  cracks  emanating  from  notches. 
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can  be  questioned  in  light  of  the  stress  concentration  of  the  machined 
slot  and  the  effect  of  any  machining  damage  on  subsequent  crack 
extension.  However,  based  on  the  stress  intensity  computations  shown  in 
Fig.  5.1,  it  is  clear  that  such  complications  are  inappropriate  in  the 
current  study  as  the  minimum  length  of  the  remaining  fatigue  crack  was 
always  large  compared  to  the  root  radius  of  the  machined  slot  and  no 
effects  were  observed  during  identical  experiments  at  R  s  0.75. 

Although  values  of  Kci  are  reduced  by  micro-machining  of  the  wake 
causing  crack  propagation  at  AKy^,  closure  re-develops  on  further  crack 
extension  to  approach  ^70  to  80%  of  previous  (pre-machining)  levels 
(Table  5.1).  This  is  manifest  as  a  slowing  down  in  post-machining  growth 
rates  to  approach  an  apparent  plateau  (Fig.  5.3),  where  the  da/dN  data 
tend  to  merge  with  the  long  crack  constant  amplitude  results  (Fig.  5.4). 
The  plateau  is  reached  quite  rapidly  in  the  underaged  structure  after 
%  20  um  of  crack  extension,  compared  to  ^  50  and  ^  100  ym  in  the  peak  and 
overaged  structures,  respecti vely.  Although  precise  interpretation  is 
difficult  in  view  of  uncertainties  in  data  taken  over  size-scales  not 
much  larger  than  the  resolution  of  the  crack  monitoring  technique,  the 
inference  from  this  result  is  clear.  Significant  crack  closure  can 
develop  over  smaller  amounts  of  crack  extension  in  the  underaged 
structure  compared  to  the  more  heavily  aged  conditions.  Furthermore,  the 
distances  involved  are  comparable  with  microstructural  dimensions  and  are 
far  larger  than  the  size-scales  representative  of  local  crack  tip 
plasticity  (c.f.,  maximum  and  cyclic  plastic  zone  sizes  in  Table  4.1). 

Such  results  are  consistent  with  the  origin  of  crack  closure 
mechanisms  in  precipitation  hardened  aluminum  alloys,  which  tend  to  be 
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Table  5.1:  Crack  Closure  Data  for  7150  Alloy  at  AK  =  AKjh  (R  =  0.10) 

Experimental  Kci/I^,ax  Values  at  Threshold 


At  Initial 
Arrest 

Following 
Wake  Removal 

Following  Subsequent 
Growth  to  "Plateau" 

Underaged 

0.88 

0.37 

0.61 

Peak-Aged  (T6) 

0.85 

0.36 

0.59 

Overaged  (T7) 

0.75 

0.48 

0.57 

based  largely  on  micro structural  rather  than  conti nuum  pi  as  tic i ty 
factors. ^  Near- threshol d  crack  growth  in  underaged  structures,  by 
virtue  of  the  inhomogeneous  mode  of  deformation  (i.e.,  coarse  planar 
slip)  resulting  from  coherent  (shearable)  particle  hardening,  is 
generally  far  more  crystallographic  in  nature  than  in  peak  and  overaged 
structures. ^  This  gives  rise  to  a  rougher,  more  faceted  fracture 
surface  indicative  of  a  meandering  crack  path  with  many  deflections  from 
the  normal  crack  propagation  plane.  These  fracture  surface  morphologies 
primarily  enhance  roughness- i nduced  crack  closure,  such  that  closure 
levels  in  general  are  higher.  Correspondingly,  near-threshol d  growth 
rates  are  lower  than  in  the  more  heavily  aged  microstructures,  where  the 
more  homogeneous  mode  of  deformation  (i.e.,  wavy  slip)  from  incoherent 
(non-shearable)  particle  hardening  promotes  a  more  linear  crack  path. 

In  the  context  of  the  present  results,  as  fatigue  crack  closure 
clearly  develops  over  microstructural  dimensions  in  this  alloy,  it  is 
promoted  in  the  underaged  structures  where  the  roughness- i nduced 
mechanism  is  most  potent  due  to  the  tortuous  nature  of  the  crack  path 
(see  Section  4).  The  formation  of  closure  in  the  more  heavily  aged 
microstructures,  where  fracture  surfaces  are  far  smoother,  is  thus  less 


.V. 


-45- 


efficient  and  correspondingly  must  involve  larger  amounts  of  crack 
extension  to  re-develop.  Since  the  yield  strengths  of  the  under  and 
overaged  structures  are  identical,  their  markedly  different  post¬ 
machining  fatigue  behavior  strongly  suggests  that  the  above  effects  are 
microstructure  and  closure-related,  rather  than  a  sole  function  of  notch 

c  o 

or  crack  tip  plasticity. 

Although  the  current  experiments  have  not  been  performed  on 
natural ly-occurri ng  short  cracks,  they  do  indicate  that  when  fatigue 
cracks  possess  a  limited  wake,  e.g.,  when  they  are  short  or  emanating 
from  a  notch,  they  are  subjected  to  a  smaller  influence  from  closure 
forces,  which  accounts  for  their  ability  to  propagate  at  nominal  stress 
intensities  below  the  fatigue  threshold.  Moreover,  their  subsequent 
crack  propagation  will  depend  strongly  on  the  generation  of  crack 
closure.  As  the  effective  crack  driving  force  for  this  process,  e.g., 
AKeff,  must  reflect  both  an  increase  in  crack  length  (which  increases 
AKeff)  and  an  increase  in  closure  (which  decreases  AKeff),  subsequent 
behavior  will  depend  predominately  on  the  efficiency  of  developing  new 
closure  and  the  specific  mechanisms  involved.  This  can  be  governed  by 
mechanical  factors,  such  as  the  creation  of  a  wake  of  plastically- 
deformed  material,  environmental  factors,  such  as  the  oxidation  of  the 
crack  surface,  or  microstructural  factors,  such  as  the  interaction  and 
deflection  of  the  crack  at  phase  or  grain  boundaries.  This  implies  that 
growth  rates  in  this  regime  will  be  non-unique  with  stress  intensity 
range,  i.e.,  K-based  similitude  is  violated. in  the  present  case, 
where  the  contribution  from  roughness-induced  closure  varies  with  aging 
treatment,  it  is  the  microstructural  factors  which  appear  prominant. 
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Thus,  as  illustrated  in  Fig.  5.4,  depending  upon  the  particular  aging 
condition,  growth  rates  may  increase  or  decrease  with  increasing  crack 
length,  before  merging  with  the  long  crack  constant  amplitude  data, 
similar  to  naturally-occurring  short  crack  behavior. 

5.5  Conclusions 

Based  on  a  study  of  the  development,  location,  and  effect  of  crack 
closure  on  near-threshold  fatigue  growth  rate  behavior  in  7150  aluminum 
alloy  heat  treated  in  the  under,  peak  and  overaged  conditions,  the 
following  conclusions  can  be  made: 

1.  The  existence  of  a  threshold  stress  intensity  range  for  the 
extension  of  long  fatigue  cracks  appears  to  be  controlled  primarily  by 
the  level  of  crack  closure. 

2.  Based  on  the  measurement  of  closure  stress  intensities  during 
the  situ  removal  of  material  left  in  the  wake  of  threshold  cracks 
arrested  at  AKyH,  approximately  50%  of  the  closure  was  found  to  be 
confined  to  the  immediate  vicinity  of  the  crack  tip  (i.e.,  within  500 
pm). 

3.  On  removal  of  wake  material  to  within  500  pm  of  the  tip, 
previously-arrested  cracks  (at  R  =  0.10)  recommenced  to  propagate  even 
though  nominal  stress  intensity  ranges  did  not  exceed  threshold  levels, 
representing  the  behavior  of  physically  short  cracks  emanating  from 
notches.  In  similar  experiments  performed  at  high  load  ratios 
(R  =  0.75),  threshold  cracks  remained  dormant. 

4.  At  threshold  levels,  crack  closure  re-developed  on  subsequent 
extension  of  the  physically  short  cracks  over  distances  comparable  with 


mi crostructural  dimensions,  leading  to  a  deceleration  in  growth  rates. 
The  development  of  closure  was  most  efficient  in  the  underaged 
microstructures  where  the  inhomogeneous  nature  of  deformation  promoted 
faceted  crack  growth  and  hence  roughness- induced  crack  closure. 


6.  ROLE  OF  CRACK  TIP  SHIELDING  IN  LONG  AND  SHORT  CRACK  GROWTH 

IN  2124  ALLOY 


6.1  Introduction 

There  are  many  factors  which  contribute  to  differences  in  behavior 
between  long  and  short  cracks. 1-20,28,35,49  yhe  problem  of 
microstructurally-small  flaws,  for  example,  may  simply  result  from  the 
inappropriate  use  of  continuum  mechanics  involving  the  preferential 
initiation  and  growth  of  flaws  in  "soft  spots"  in  the  microstructure. 
Conversely,  where  crack  sizes  are  com parable  with  the  extent  of  crack  tip 
plasticity,  or  where  cracks  are  embedded  within  the  plastic  zone  of  a 
notch,  differences  may  result  simply  from  the  inappropriate  use  of  LEFM 
in  characterizing  crack  tip  fields.5-*  Other  major  differences  have  been 
related  to  the  three-dimensional  nature  of  crack  growth,49  anomalously 
higher  plastic  strains  at  the  tips  of  microstructurally-small  cracks,54 
and  environmental  effects. *8*20  However,  in  essence,  the  problem  is  one 
of  a  breakdown  in  similitude^  and  thus  in  defining  the  appropriate 
"crack  driving  force"  for  small  crack  growth.  Such  a  driving  force  must 
account  for  excessive  plasticity  ahead  of  the  crack  tip  and  more 
importantly  crack  tip  shielding^®  behind  it. 

Whereas  crack  tip  plasticity,  non-uniform  growth,  and  environmental 
effects  all  represent  important  factors  which  distinguish  the  behavior  of 
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small  flaws,  explanations  based  on  shielding,  principally  relying  on  a 
reduced  effect  of  crack  closure  at  small  crack  sizes,  appear  to  be  the 
most  critical  (e.g.,  refs.  16,19,24,34,49).  Theoretical  models,  however, 
showing  a  variation  in  closure  with  crack  length  are  rare.  In  fact, 
apart  from  the  finite  element  models  of  plasticity-induced  closure  (e.g., 
ref.  55),  only  the  analytical  model  of  fluid  pressure-induced  closure^ 
predicts  a  reduction  in  closure  at  short  crack  sizes.  Furthermore,  owing 
to  difficulties  in  experimental  measurement,  there  are  few  experimental 
results  which  provide  confirmation. 

6.2  Crack  Tip  Shielding 

In  fracture  mechanics  terms,  the  extension  of  a  crack  can  be 
considered  to  be  driven  by  the  presence  of  a  "crack  driving  force"  and 
opposed  by  the  resistance  of  the  ■icrostructure.  Here  the  driving  force 
is  generally  defined  by  a  field  characteri zi ng  parameter,  such  as  the 
stress  intensity  Kj  or  path- independent  integral  J,  which  describes  the 
dominant  stress  and  deformation  fields  in  the  vicinity  of  the  crack  tip 
from  a  knowledge  of  crack  size,  applied  load  and  geometry.  By 
similitude,  cracks  are  then  assumed  to  extend  at  equal  rates  when 
subjected  to  equal  "driving  forces".  Crack  advance  is  thus  restrained  by 
lowering  the  applied  load  or  by  "toughening"  the  material,  e.g.,  impeding 
crack  growth  through  compositional  or  microstructural  modification. 

In  alloy  design,  it  is  generally  the  perception  that  toughening,  or 
more  generally  resistance  to  crack  growth,  is  achieved  by  increasing  the 
inherent  microstructural  resistance,  e.g.,  by  coarsening  particle 
spacings,  increasing  ductility,  etc.;  a  process  termed  intrinsic 
toughening.  However,  in  many  material  systems,  e.g.,  during  fatigue 
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crack  growth  in  metals,  and  cracking  in  ceramics,  rocks  and  fiber 
composites,  the  actual  source  of  toughness  may  be  distinctly  different, 
arising  from  mechanisms  of  crack  tip  shielding.28  Here  crack  extension 
is  impeded,  by  mechanical,  mi crostructural  and  environmental  factors 
which  locally  reduce  the  crack  driving  force;  a  process  termed  extrinsic 
toughening. 

The  various  micro-mechanisms  of  crack  tip  shielding,  categorized 
into  several  distinct  classes,  are  illustrated  in  Fig.  6.1.  These 
classes  involve  shielding  from  a)  crack  deflection  and  meandering,  b) 
inelastic  or  dilated  zones  surrounding  the  wake  of  the  crack,  termed 
"zone  shielding",  c)  wedging,  bridging  and/or  sliding  between  crack 
surfaces,  termed  "contact  shielding",  and  d)  combined  zone  and  contact 
shielding.28 

Under  monotonic  loading,  shielding  results  in  a  reduction  in  the 
local  driving  force,  whereas  under  cyclic  loading  the  effect  may  take 
different  forms  (Fig.  6.2).  Since  the  principal  driving  force  for 
fatigue  crack  advance  (under  small-scale  yielding)  is  the  range  of  stress 
intensity,  AK  may  be  reduced  locally  by  a  decrease  in  Kmax  and  a  smaller 
decrease  in  Kml-n,  as  with  crack  deflection;  a  decrease  in  Kmax  and  an 
i ncrease  in  Km  ^  n,  as  with  briding  or  sliding;  or  simplyan  increase  in 
Kmin»  as  *n  wedging.  The  nature  of  the  mechanism  or  combination  of 
mechanisms  involved  will  thus  dictate  the  specific  behavior  observed. 
For  example,  crack  deflection  produces  a  multiplicative  reduction  in  the 
local  Mode  I  stress  intensity,^8  and  thus  may  be  expected  to  have  an 
equal  effect  throughout  the  range  of  growth  rates  (unless  the  crack  path 
morphology  changes).  Zone  shielding  from  enclaves  of  plastic  zones  or 
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EXTRINSIC  TOUGHENING  MECHANISMS 

1.  CRACK  DErLECTlON  ANO  MEANDERING 

2.  ZONE  SHIELDING 

—  transformation  toughening 

—  microcrack  toughs nmq 

—  crack  woks  pi  oat  ic  1 1  y 

—  crock  fisld  void  formation 

—  rstidual  strsss  fislds 

—  crock  tip  dislocation  shielding 

3  CONTACT  SHIELDING 

—  wedging: 

corrosion  debris- induced  crock  cloture 
crack  surface  roughness -induced  closure 

—  bridging: 

ligament  or  fiber  toughening 

—  sliding-. 

sliding  crack  surface  interference 

—  wedging  ♦  bridging: 

fluid  pressure-induced  crock  cloture 

A.  COMBINED  ZONE  AND  CONTACT  SHIELDING 

—  plasticity-induced  crack  closure 

—  phase  transformation- induced  closure 


mi 
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Fig.  6.1:  Schematic  representation  of  the  classes  and  mechanisms  of 
crack  tip  shielding. 
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CRACK 

DEFLECTION 


ZONE 

SHIELDING 


CONTACT 

SHIELDING 

wedging: 


Bridging 
and  Sliding: 


Wedging 
and  Bridging: 


MONOTONIC 

LOAOING 


Mip 


CYCLIC 

LOADING 


Kj  reduced  A  K  reduced,  R  constant 


Ki  reduced  AK  constant,  R  reduced 


— —  AAA 

Kj  increased  AK  reduced,  R  increased 


AAA 


Kj  reduced  AK  reduced ,  R  increased 


AAA 


Kt  increased  AK  reduced,  R  increased 


Fig.  6.2:  Effect  of  specific  crack  tip  shielding  mechanisms  on  the 
driving  force,  e.g.,  the  stress  intensity  Kj ,  and  crack 
velocity,  v,  under  monotonic  and  cyclic  loading. 


dilated  zones  of  material  undergoing  phase  transformation,  microcracking 


or  void  formation,  on  the  other  hand,  produces  a  fixed  reduction  in  local 


stress  intensity,  at  least  for  a  constant  equilibrium  zone  size.  b  These 


mechanisms  are  thus  less  potent  in  fatigue  as  the  range  of  stress 


intensity  remains  unchanged,  although  the  mean  Kj  or  load  ratio  (R  = 
Kmin/Kmax)  re^uced.  Contact  shielding  through  wedging,  conversely. 


raises  the  local  stress  intensity  under  monotonic  loading,  yet  reduces 


the  driving  force  for  fatigue  by  opposing  the  closing  of  the  crack.  This 


latter  process  is  the  essence  of  the  well-known  phenomenon  of  fatigue 


crack  closure,  whereby  the  nominal  AK  range  is  reduced  by  effectively 


raising  Kmi-n.  Contact  shielding  through  bridging  (e.g.,  ligament  or 
fiber  toughening57),  or  sliding  (e.g.,  sliding  crack  surface 


interference5®),  results  in  a  reduced  driving  force  for  both  monotonic 


and  cyclic  crack  extension  as  these  mechanisms  oppose  both  the  opening 


and  closing  of  the  crack. 


The  direct  implications  of  crack  propagation  dominated  by  shielding 


are  a  reduced  cracking  rate,  from  the  lower  local  driving  force,  and 


crack-size  dependent  behavior,  as  the  shielding  mechanisms  act  on  the 


wake  of  the  crack.  Three  important  scenarios  follow. 


First,  the  material  will  show  resistance-curve  fracture  toughness 


behavior  where  the  driving  force  to  sustain  cracking  will  increase  with 


increasing  crack  length  (until  steady-state).  Such  R-cruves  are  common 


in  ductile  metals,  where  zone  shielding  from  prior  plastic  zones  left  in 


the  wake  of  the  crack  induces  a  lower  strain  singularity  ahead  of  the  tip 


(c.f.,  the  1/r  strain  singularity  for  a  fully  plastic  stationary  crack 
with  the  ln(l/r)  singularity  for  a  non-stationary  crack5®*5^).  Marked  R- 
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curve  toughness  behavior  is  also  evident  in  ceramics,56  where  shielding 
can  occur  from  transformation  and  microcrack  toughening,  and  in  rocks, 
where  shallower  curves  have  been  reported  due  to  mi crocracki ng 
phenomena . 

Second,  m i cros true tu ra 1  factors  known  to  be  beneficial  for 
resistance  to  crack  initiation  and  the  growth  of  small  cracks  may  have  a 
very  different  effect  on  the  growth  of  long  cracks.1^  This  follows 
because  the  role  of  extrinsic  mechanisms  becomes  negligible  where  the 
crack  wake  is  small  or  non-existant.  There  are  numerous  examples  of  this 
in  the  fatigue  literature;  for  example  in  steels,  increasing  yield 
strength  or  decreasing  grain  size  results  in  lower  thresholds  for  (long) 
crack  growth,  yet  higher  thresholds  for  crack  initiation,  i.e.,  higher 
fatigue  limits.1  In  addition,  grain  size,  texture,  slip  character  and 
precipitate/phase  distribution  appear  to  have  a  relatively  minor 
influence  on  small  crack  growth,61  yet  these  factors  have  a  significant 
influence  on  long  crack  growth  rates  primarily  through  their  effect  on 
crack  closure  and  deflection/5 

Third,  "small  crack"  effects  are  to  be  expected,  since,  at  the  same 
nominal  driving  force,  the  small  crack  may  experience  a  higher  local 
driving  force,  due  to  diminished  shielding,  which  causes  it  to  propagate 
at  a  rate  in  excess  of  the  long  crack. 

During  Mode  I  fatigue  crack  propagation,  the  predominant  shielding 
mechanisms  are  crack  closure,  induced  primarily  by  cyclic  plasticity33 
(combined  zone  and  contact),  corrosion  debris,36-*6  fracture  surface 
roughness  (contact  by  wedging)  and  fluid  pressure**  (contact  by  combined 
wedging  and  bridging),  and  to  a  lesser  extent  crack  deflection*6 
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(although  deflection  promotes  roughness- i nduced  closure).  With  the 
exception  of  the  plasticity- induced  mechanism,  all  are  enhanced  at  near¬ 
threshold  stress  intensities  due  to  the  smaller  crack  tip  opening 
displacements  and  a  greater  tendency  of  fatigue  cracks  to  follow  a 
microstructurally-sensitive  or  crystallographic  crack  path.  It  is  in 
this  regime,  pertinent  to  the  present  study,  where  the  most  important 
small  crack  effects  are  found  and  moreover  where  the  mi crostructural 
features  favoring  (long)  crack  growth  are  most  at  variance  with  those 
favoring  ini tiation.^  Accordingly,  experiments  were  designed  to 
demonstrate  the  size-dependence  of  short  crack  growth  rates  and  to  verify 
the  dominant  role  played  by  crack  tip  shielding  in  promoting  such 
behavior. 

6.3  Results 

Long  Crack  Behavior: 

Fatigue  crack  growth  rate  data  at  R  =  0.1  for  underaged  and  overaged 
microstructures  in  2124  alloy  are  shown  in  Fig.  6.3  for  17.5  to  38  mm 
long  cracks  over  the  range  5  x  10"**  to  10"7  m/cycle.  Corresponding 
results  at  higher  load  ratios  are  shown  in  Fig.  6.4.  Growth  rates 
(da/dN)  are  plotted  as  a  function  of  both  the  nominal  stress  intensity 
range,  AK,  and,  after  allowing  for  crack  closure  (Fig.  6.5),  the 
effective  stress  intensity  range,  AKeyy,  defined  as  Kmax  -  Kc^ . 

Similar  to  long  crack  results  in  7000  series  alloys  (Fig.  4.1), 
underaged  structures  show  lower  near-threshold  fatigue  crack  propagation 
rates  and  higher  threshold  AKy^  values  compared  to  overaged  structures. 

Such  superior  crack  growth  properties  have  been  associated  with  the 
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Fig.  6.4:  Fatigue  crack  propagation  behavior  of  long  cracks  in 
underaged  (T351)  2125  alloy  at  load  ratios  of  R  =  0.10, 
0.50,  and  0.75.  Note  how  the  variation  in  da/dN  and 
threshold  values  with  R  is  significantly  reduced  when  growth 
rates  are  characterized  in  terms  of  AKeff  rather  than  AK. 


Fig.  6.5:  Variation  in  fatigue  crack  closure  with  nominal  stress 
intensity  range  for  long  cracks  in  underage?  C T35 1 )  and 
overaged  2124  alloy  at  R  =  0.10.  Results,  plotted  as  the 
ratio  of  closure  to  maximum  stress  intensity,  Kci/Kmax,  are 
based  on  back-face  strain  measurements  and  correspond  to  the 
growth  rate  behavior  presented  in  Fig.  6.3. 
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microstructures,  as  described  in  Section  4.  The  roughness- i nduced 
mechanism  appears  to  be  the  most  prominant  mode  of  closure  for  air 
environments  in  this  alloy  as  the  extent  of  fracture  surface  corrosion 
deposits  remain  small  compared  to  crack  opening  displacements  and  higher 
closure  levels  are  detected  in  the  underaged  condition.  However,  it  is 
clear  from  Fig.  6.3  that  considerations  of  crack  closure  alone  do  not 
account  for  the  full  effect  of  microstructure  on  near-threshold  growth 
rates. 

Conversely,  the  effect  of  load  ratio  in  lowering  AKyH  values  and  in 
accelerating  near-threshold  growth  rates  appears  to  be  attributable 
solely  to  a  reduced  influence  of  closure.  As  shown  in  Fig.  6.4,  growth 
rate  data  are  threshold  values  for  load  ratios  of  0.1,  0.5  and  0.75, 
become  virtually  identical  when  AKeff  is  used  in  place  of  AK  as  the  crack 
driving  force. 

From  Fig.  6.5,  it  is  clear  that  the  magnitude  of  closure  for  long 
cracks  increases  as  the  stress  intensity  range  is  decreased  towards  the 
threshold.  To  define  the  distribution  of  such  closure  along  the  crack 
length,  measurements  of  Kc^  were  made  on  arrested  threshold  cracks  (at 
R  =  0.1)  during  the  progressive  removal  of  their  wake.  Results,  in  the 
form  of  the  reduction  in  Kcj  as  a  function  of  the  length  of  the  remaining 
(unmachined)  fatigue  crack  (Fig.  6.6),  indicate  significant  closure  in 
the  immediate  vicinity  of  the  crack  tip,  consistent  with  previous 
studies  (described  in  Section  5).  In  the  present  underaged 
microstructure,  over  60X  of  the  closure  is  located  within  900  pm  of  the 
tip. 


(MPa-m 


REMAINING  CRACK  PORTION,  a  (mm) 


Fig.  6.6:  Measurements  in  Kci,  performed  during  wake  removal,  showing 
the  distribution  of  crack  closure  along  the  length  of  an 
arrested  threshold  long  crack  in  a)  underaged  (T351)  and  b) 
overaged  2124  alloy. 


Following  removal  of  their  wake,  threshold  cracks  arrested  at 
R  =  0.1  were  observed  to  propagate  when  cycling  resumed  at  the  threshold 
AKy^,  similar  to  behavior  reported  for  7090,  7150  aluminum  alloys  and 
A508  steel .23,24,34,49  such  observations  of  crack  growth  at  the 
threshold  provide  confirmation  that  experimentally  measured  values  of 
KyH  are  associated  primarily  with  the  build-up  of  closure,  and  do  not 
necessarily  represent  an  intrinsic  material  threshold.  Consequently, 
where  shielding  mechanisms  are  inhibited,  such  as  with  small  flaws  or 
cracks  at  notches,  or  in  the  presence  of  compressive  overload 
cycles, ^>26, 27  the  consequent  increase  in  near-tip  driving  force  may 
result  in  crack  growth  at  or  below  AKy^,  and  in  general  to  growth  rates 
which  exceed  those  of  long  cracks  at  the  same  stress  intensity  level. 

Short  Crack  Behavior  at  Notches: 

The  experiment  described  above,  where  crack  extension  at  AKyH  was 
observed  following  removal  of  the  wake  of  an  arrested  threshold  crack, 
additionally  provides  an  example  of  the  accelerated  growth  of  short 
cracks  at  notches,  i.e.,  a  fatigue  crack  (of  length  250  pm)  growing  from 
a  notch  (of  root  radius  ^  300  pm)  in  a  region  well  beyond  the  notch 
field.  Under  constant  load  conditions  with  AK  initially  at  AKyH,  cracks 
at  R  s  0.75  remain  stationary,  whereas  at  R  =  0.1  they  commence  to 
propagate  in  both  structures.  Even  though  the  nominal  AK  levels  are 
marginally  increasing,  such  growth  occurs  at  a  progressively  decreasing 
growth  rate  over  the  first  300  pm,  displaying  the  "trough-like"  behavior 
characteristic  of  small  cracks  at  near- threshold  levels  (Fig.  6.7). 


Such  behavior  can  be  readily  accounted  for  by  considerations  of 
crack  tip  shielding,  specifically  through  characterization  in  terms  of  a 
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Fig.  6.7:  Comparison  of  fatigue  crack  propagation  data  in  underaged 
(T351)  2124  aluminum  alloy  at  R  8  0.10,  showing  results  for 
long  cracks  (a  *  17-38  mm)  and  physically-short  cracks 
(a  =  200-400  um)  emanating  from  a  machined  notch. 
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local  driving  force  (see  Section  5).  Concurrent  back-face  strain 
measurements  of  K^,  over  the  1  mm  of  growth  following  wake  removal,  show 
a  steady  increase  in  closure  with  initial  short  crack  extension  (Fig. 
6.8).  The  value  of  Kc-j  approaches  an  apparent  saturation  value,  after 
roughly  400  pm  of  crack  extension,  comparable  with  the  long  crack  Kc^ 
value  at  threshold.  As  indicated  in  the  figure,  when  such  Kc^  data  are 
incorporated  into  the  calculation  of  an  effective  stress  intensity  range, 
it  can  be  seen  that  the  initial  progressive  reduction  in  growth  rates 
shown  by  the  short  crack  is  directly  consistent  with  a  corresponding 
progressive  decrease  in  AKeff. 

It  should  be  noted  that  the  "small  crack  effect"  observed  in  this 
experiment  was  achieved  with  a  short  crack  of  length  200  to  400  pm; 
length  dimensions  which  are  large  compared  to  the  scale  of  local 
plasticity  (maximum  plastic  zone  sizes  do  not  exceed  20  pm).  Thus,  so- 
callv.  "anomalous"  behavior  of  small  flaws  does  not  necessarily  result 
simply  from  a  breakdown  of  linear  elastic  fracture  mechanics,  but  rather 
from  differences  in  the  local  crack  driving  force  due  to  the  varying 
influence  of  crack  tip  shielding  with  crack  length. 

Physically-Short  Crack  8ehav1or: 

Results  for  the  behavior  of  physically-short  cracks  growing  from  a 
free  surface  are  shown  in  Figs.  6.9-6.10  for  the  underaged  (T351) 
microstructure.  Specimens  were  cycled  at  a  series  of  stepwise  increasing 
AK  levels  starting  well  below  the  threshold  AKyH.  As  shown  in  Fig.  6.9, 
for  an  initial  crack  length  of  approximately  50  pm,  short  crack  growth 
commences  with  a  rate  initially  exceeding  10‘®  m/cycle  at  a  AK  level  as 
low  as  0.58  MPa»m,  only  to  decelerate  progressi vely  until  arrest  at  0.67 
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Fig.  6.10:  Variation  in  da/dN  and  Kc]/Kmax  with  crack  extension  during 
sub-threshol d  propagation  of  physically-short  cracks  in 
2124-T351  alloy,  corresponding  to  data  in  Fig.  6.9.  Note 
how  crack  closure  is  generated  during  initial  crack 
extension  (a  s  90  to  230  uni),  concurrent  with  the 
progressive  decay  in  growth  rates  to  crack  arrest. 


MPa/m  after  an  extension  of  roughly  140  pm.  After  an  increase  in  applied 
load,  cracking  abruptly  re-starts,  again  followed  by  progressive 
deceleration  to  arrest.  This  sequence  of  events  is  repeated  several 
times  until  the  crack  length  reaches  450  pm,  whereupon  the  short  crack 
data  merges  with  long  crack  results  following  a  characteristic  minimum  in 
growth  rates. 

During  each  deceleration  and  arrest  event  for  the  short  crack,  the 
development  of  crack  closure  with  crack  extension  was  closely  monitored. 
Results  for  one  such  event,  involving  the  extension  of  a  90  pm  long  crack 
to  230  pm,  are  shown  in  Fig.  6.10.  The  progressive  reduction  in  growth 
rates  leading  to  arrest  can  be  seen  to  be  associated  directly  with  a 
concurrent  increase  in  crack  closure,  which  results  in  a  corresponding 
reduction  in  AKeff.  The  magnitude  of  this  increase  is  associated  with 
very  high  levels  of  Kci/Kmax  approaching  0.9,  far  in  excess  of  those  for 
long  cracks.  Although  closure  data  were  not  measured  during  every  arrest 
event  in  Fig.  6.9,  it  was  apparent  that,  since  the  crack  retained  closure 
generated  from  previous  load  steps,  there  was  a  cumulative  increase  in 
Kci  throughout  the  entire  sequence. 

6.4  Discussion 

The  current  experimental  results  provide  quantitative  evidence  of 
the  dominant  role  of  crack  tip  shielding,  specifically  from  fatigue  crack 
closure,  in  influencing  the  near-threshol d  behavior  of  both  long  and 
physically-short  fatigue  cracks.  First,  with  respect  to  long  cracks, 
wake  machining  experiments  clearly  show  that  i)  the  existence  of  a 
threshold  stress  intensity  range  for  no  crack  growth,  AKyH,  and  ii)  the 
effect  of  load  ratio  in  influencing  AK^,  can  be  attributed  to  variations 


in  the  magnitude  of  the  closure  stress  intensity,  Kcl*  The  commonality 
of  threshold  values  for  each  structure,  when  computed  in  terms  of  AKeff, 
would  appear  to  suggest  that  some  intrinsic  threshold  does  exist  for  long 
cracks. 

Second,  for  (two-dimensional)  physically-short  cracks,  both 
emanating  from  a  sharp  notch  or  at  a  free  surface,  observations  of  crack 
growth  at  stress  intensities  below  AK-j-h,  at  rates  which  progressi vely 
decay  to  arrest  or  merge  with  long  crack  data,  have  been  shown  to  be 
associated  quantitatively  with  an  initial  lack  of  shielding  and  its 
subsequent  development  with  crack  extension.  Specifically,  the  sub¬ 
threshold  decay  in  short  crack  growth  rates  has  been  related  to  a 
concurrent  increase  in  Kc-|,  such  that  the  local  driving  force,  AKg^^, 
sees  a  minimum. 

6.5  Conclusions 

Based  on  an  investigation  into  the  role  of  crack  tip  shielding  in 
influencing  the  behavior  of  long  and  small  fatigue  cracks,  involving  an 
experimental  study  of  long  (>  25  mm)  and  physically-short  50-400  pm) 
near-threshold  cracks  in  2124  aluminum  alloy,  the  following  conclusions 
can  be  made: 

1.  The  existence  of  a  threshold  stress  intensity  range  AKjH  for  the 
dormancy  of  long  cracks  was  found  to  be  associated  with  high  levels  of 
crack  closure,  with  values  of  Kci/Kmax  approaching  0.7.  By  accounting 
for  such  closure  through  the  use  of  the  AKeff  parameter,  the  influence  of 
load  ratio,  but  not  microstructure,  in  affecting  long  crack  growth  rates 
and  threshold  values  became  minimal. 
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2.  Through  removal  of  material  from  the  wake  of  long  cracks, 
arrested  at  the  threshold,  to  discern  the  distribution  of  shielding,  over 
60*  of  the  closure  was  found  to  be  located  within  900  p m  of  the  crack 
tip. 

3.  Through-thickness  physically-short  cracks,  both  emanating  from  a 
sharp  notch  or  from  a  free  surface,  were  observed  to  propagate  at  nominal 
stress  intensity  ranges  at,  or  below,  AKyH.  Short  crack  growth  rates 
were  observed  to  decay  progressively  until  arrest  (or  before  merging  with 
long  crack  data),  concurrent  with  a  measured  increase  in  Kcl  and 
consequent  reduction  in  AKeff. 

4.  Differences  in  behavior  between  long  and  physically-short  cracks 
appear  to  be  rationalized  largely  by  the  variation  in  crack  closure  with 
the  extent  of  crack  wake.  However,  as  short  cracks  were  still  observed 
to  propagate  below  the  effective  threshold  stress  intensity  range  (after 
accounting  for  closure),  other  factors,  such  as  enhanced  crack  tip 
plastic  strains,  must  be  involved. 


7.  ROLE  OF  COMPRESS ION  OVERLOADS  IN  INFLUENCING  FATIGUE  CRACK 
PROPAGATION  IN  7150,  2124  AND  2090  ALLOYS 


7.1  Introduction 

Whereas  compression  cycles  are  often  a  common  occurrence  in  service, 
particularly  for  aerospace  applications,  and  are  known  to  be  of 
importance  in  the  process  of  crack  initiation  in  smooth  specimens,  their 
effect  on  the  propagation  of  (long)  fatigue  cracks,  at  least  at 
intermediate  to  high  AK  levels,  has  long  been  considered  to  be  minimal 
(e.g.,  ref.  62).  This  is  in  keeping  with  standard  fracture  mechanics 
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concepts  which  imply  that  the  crack  will  be  closed  during  the  compressive 
portion  of  the  cycle,  necessitating  a  stress  intensity  of  zero  at  the 
tip,  and  the  fact  that  tests  invariably  have  been  performed  on  long 
cracks  where  the  magnitude  of  both  tensile  and  compressive  stresses  are 
small.  Although  data  are  limited,  several  authors  have  found  growth 
rates  to  be  slightly  faster  at  negative  load  ratios  compared  to  R  =  0  in 
both  steels  and  aluminum  alloys,®^®®  although  the  effect  is  negligible 
in  certain  alloys  such  as  7075-T6.®^  Under  variable  amplitude  fatigue 
loading,  however,  cyclic  compressive  stresses  immediately  following 
tensile  overloads  are  known  to  lessen  the  post  overload  retardation  in 
growth  rates  which  usually  accompanies  single  tensil e  overloads. 69-71 
Moreover,  under  certain  conditions  of  cracks  initiating  from  notches, 
fatigue  crack  growth  has  been  demonstrated  under  purely  cyclic 
compressive  loading. ^  in  fact,  the  technique  has  been  used  as  a 
reliable  means  of  producing  small  flaws  for  short  crack  experiments.*®*®® 

Unlike  behavior  at  higher  growth  rates  where  effects  are  small, 
recent  studies  at  near-threshold  levels  have  highlighted  a  significant 
role  of  compressive  cycling  on  crack  extension  behavior.^® ,26,65-68,78 
Not  only  are  threshold  AKTH  values  lower  at  R  =  -1  compared  to  R  =  0,  but 
large  periodic  compressive  cycles  (of  the  order  of  one  half  the  yield 
stress)  applied  during  positive  R  cycling  have  been  shown  to  dramatically 
reduce  the  threshold  and  to  accelerate  crack  growth  rates  in  both  mild 
steel®®  and  2024-T3  aluminum.®7*®®  Physical  explanations  for  these 
effects  remain  unproven,  although  several  suggestions  have  been  proffered 
including  redistribution  of  residual  stresses  ahead  of  the  crack  tip  and 
reduced  closure  forces  due  to  a  diminished  deformation  zone  left  behind 


the  crack  tip.®^  In  addition,  periods  of  compression  during  the  fatigue 
cycle  are  likely  to  result  in  a  flattening  of  fracture  surface  asperities 
and  a  compacting  of  corrosion  debris  on  crack  faces,  both  processes 
leading  to  a  reduction  in  closure  via  the  roughness- i nduced  and  oxide- 
induced  mechanisms,  respecti vely. 

The  objectives  of  the  current  study  were  to  investigate  the  role  of 
single  compression  overload  cycles  on  the  propagation  behavior  of  cracks 
arrested  at  the  threshold,  and  specifically  to  monitor  the  variation  in 
crack  closure,  both  macroscopically  in  terms  of  Kcj  measurements  and 
microscopically  in  terms  of  changes  in  fracture  surface  morphology. 
Precipitation  hardened  aluminum  alloys  7150,  2124  and  2090  were  chosen 
for  the  study  because  in  such  systems  the  operative  mechanisms  of  closure 
can  be  readily  varied  by  heat  treatment. 

7.2  Experimental  Procedures 

Compression  overload  experiments  were  performed  by  first  determining 
the  long  crack  threshold  using  manual  load  shedding  cycling,  as  described 
elsewhere. *  In  this  manner,  constant  amplitude  (steady-state)  crack 
growth  data  between  %  10"®  and  10”^  m/cycle  were  obtained  under 
decreasing  AK  conditions,  with  the  threshold  AKyH  operational ly  defined 
as  the  highest  stress  intensity  range  giving  growth  rates  less  than  10'1* 
m/cycle.  Single  (spike)  compressive  overloads  were  then  applied  to 
cracks  arrested  at  AKTH.  The  length  of  such  arrested  cracks  was  of  the 
order  5  to  7  mm  beyond  the  17.5  mm  initial  notch  in  the  compact  specimen, 
i.e.,  a  «  23  to  25  mm.  With  the  applied  loading  conditions  then 
maintained  at  a  constant  AK  =  AKjH,  subsequent  growth  rate  and  crack 
closure  behavior  were  monitored  closely.  The  magnitudes  of  the 


compression  overload  cycles  were  varied  between  1  and  5  times  the  maximum 
tensile  load  in  the  fatigue  cycle,  i.e.,  up  to  a  maximum  compressive  load 
between  1.8  and  2.8  kN  corresponding  to  a  fictitious  "negative"  stress 
intensity  of  12  to  17  MPa/m.  The  application  of  the  single  compression 
overloads  at  AK  =  AKy^  was  repeated  two  or  three  times  on  each  specimen 
with  at  least  200  ym  of  crack  extension  between  each  event. 

7.3  Results 

Steady-State  Fatigue  Behavior:  7150 

The  variation  in  fatigue  crack  propagation  rate  (da/dN)  and 
corresponding  crack  closure  data  as  a  function  of  the  nominal  stress 
intensity  range  (AK),  at  R  =  0.10  and  0.75,  are  shown  in  Figs.  4.2  and 

4.3  for  the  under-,  peak  and  overaged  microstructures  in  7150  alloy  under 
steady-state  (non  variable  amplitude  conditions).  Results  indicate  that 
the  progressi vely  lower  threshold  values  (and  higher  near-threshold 
growth  rates),  which  are  seen  with  increased  aging,  are  consistent  with 
less  measured  closure  at  R  =  0.10.  Relevant  threshold  data  for  these 
mi crostructures,  including  the  extent  of  crack  surface  oxidation  and 
degree  of  fracture  surface  roughness,  are  listed  in  Table  4.1. 

Steady-State  Fatigue  Behavior:  2090-T8E41,  2124 

Fatigue  crack  propagation  rate  data  for  2090-T8E41  are  plotted  in 
Fig.  7.1  as  a  function  of  AK  and  AKeyy.  Data  are  compared  with  2124 
alloy.  Corresponding  closure  Kc^  values  are  given  by  the  data  points  in 
Fig.  7.2.  At  R  a  0.1,  the  alloy  shows  a  nominal  fatigue  threshold  of 
AKyH  *  3.4  MPa/iil,  which  is  comparable  with  other  high  strength  aluminum 
alloys,  such  as  2124  and  7150,  in  their  commercial  tempered  conditions 
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STRESS  INTENSITY  RANGE,  A  K  (MPa-m”*) 


Fig.  7.2:  Variation  in  closure  stress  intensity,  Kc-|,  normalized  with 
respect  to  Kmax,  with  nominal  stress  intensity  range,  AK, 
for  2090-T8E41  alloy  at  R  *  0.10.  For  comparison,  crack 
closure  data  are  also  shown  for  2124  and  7150  alloys. 


(Fig.  7.3).  Despite  having  at  least  30%  higher  strength  than  the  other 
alloys,  crack  advance  in  2090  can  be  seen  to  be  consistently  slower  over 
the  entire  range  of  growth  rates  (except  for  near-threshold  growth  in 
2124-T351),  and  to  show  a  particular  superiority  above  10“®  m/cycle.  The 
latter  observations  are  not  associated  solely  with  an  increased  elastic 
modulus,  as  2090  still  shows  lower  growth  rates  compared  to  2124  and  7150 
when  the  data  are  replotted  in  terms  of  AK,  normalized  with  respect  to 
Young's  modulus  (Fig.  7.3b).  Conversely,  the  improved  crack  growth 
properties  appear  to  be  consistent  with  the  fact  that,  unlike  2124,  crack 
closure  levels  in  2090  do  not  decay  rapidly  with  increasing  stress 
intensity  range  above  the  threshold;  rather  Kci  values  remain  above  50% 
Kmax  out  t0  levels  above  7  MPa>4n  (Fig.  7.2). 

The  higher  levels  of  crack  closure,  which  give  rise  to  a  lower  AKeff 
and  hence  to  slower  growth  rates,  are  consistent  with  the  highly 
crystallographic  nature  of  the  crack  path  in  2090,  compared  to 
traditional  aluminum  alloys,  such  as  2124,  as  illustrated  in  Fig.  7.4. 
Similar  to  that  reported  for  other  aluminum-lithium  alloys,^  the  crack 
path  shows  frequent  deflections  at  both  near-threshold  and  particularly 
higher  AK  levels,  giving  it  a  marked  "zig-zag"  appearance  from 
propagation  along  slip  bands.  Resulting  fracture  surfaces  are  thus 
characterized  by  numerous  "cleavage-like"  facets,  with  additional 
evidence  of  secondary  cracking. 

Although  such  crystallographic  crack  path  morphologies  are  not 
uncommon  in  precipi tation-hardened  aluminum  alloys,  particularly  at  near¬ 
threshold  levels  in  coherent  parti  cl e-hardened  (planar  slip) 
microstructures  (see  Section  4),  behavior  in  Al-Li  alloys  is  striking  in 
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that  this  mode  persists  to  much  higher  growth  rates,  accounting  for  the 
higher  levels  of  closure  and  much  slower  growth  rates  above  10~®  m/cycle. 
In  this  regard,  aluminum-lithium  resembles  other  alloy  systems  with 
strongly  planar  slip  cha rac ter i s t i c s ,  such  as  the  nickel-based 
superalloys,  where  a  marked  crystallographic  crack  growth  is  observed  up 
to  high  AK  levels. It  is  in  contrast  to  conventional  alloys  where  the 
crystallographic  mode  predominates  only  at  low  stress  intensities, 
approximately  where  the  cyclic  plastic  zone  size  is  of  the  order  of,  or 
less  than,  the  grain  size.^5 

Compression  Overload  Experiments:  7150 

Application  of  100  to  300%  single  (spike)  compression  overloads 
(corresponding  to  1  to  3  times  the  peak  tensile  loads)  was  observed  to 
have  no  effect  on  crack  closure  or  crack  growth  of  arrested  cracks  at  the 
threshold  in  7150  alloy.  Crack  growth  behavior  following  the  application 
of  500%  compression  overloads,  however,  is  shown  in  Fig.  7.5  for  the 
underaged,  peak  aged  and  overaged  microstructures.  Here  the  compressive 
cycle  has  been  applied  and  the  subsequent  closure  and  growth  rates 
monitored  under  constant  AK  =  AK^  cycling  conditions.  It  is  clearly 
apparent  that  the  application  of  the  compressive  overload  causes 
immediate  propagation  of  the  arrested  cracks,  even  though  the  stress 
intensity  range  does  not  exceed  AKjH.  Moreover,  under  such  constant  AK 
conditions,  the  initial  acceleration,  to  as  high  as  ^  10"®  m/cycle,  is 
followed  by  a  progressive  deceleration  in  growth  rates  until  re-arrest. 
The  extent  of  crack  growth  before  re-arrest  occurs  is  of  the  order  of  60 
pm  in  the  underaged  structure,  far  smaller  than  in  the  peak  and  overaged 
structures  where  the  crack  extends  a  further  130  and  170  pm, 


T 


T 


T 


T 


7150  ALUMINUM  ALLOY 


Underoged 


Compression 
•00  h  Overload 


Constant  AK*  AKTH 
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Fig.  7.5:  Fatigue  crack  extension  as  a  function  of  the  number  of 
cycles  following  application  of  500X  compression  overloads 
on  arrested  threshold  cracks  in  underaged,  peak-aged  and 
overaged  7150  aluminum  alloy.  Data  obtained  under  constant 
AK  *  AKth  cycling  conditions  at  R  a  0.10.  Kcl/Kmax  closure 
data  are  listed  at  the  bottom  of  each  figure. 
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respecti vely,  before  arrest.  Application  of  a  second  single  compression 
overload  on  the  re-arrested  crack  at  this  stage  produced  identical 
resul ts. 

Such  behavior  was  accompanied  by  significant  changes  in  the 
magnitude  of  the  crack  closure.  The  initially  high  closure  values  which 
are  associated  with  the  original  arrest  at  the  threshold,  i.e.,  Kc^/Kmax 
values  of  the  order  of  0.75-0.85,  were  reduced  immediately  by  16  to  28% 
to  approximately  0.60  by  the  compressive  overload.  With  further  crack 
extension,  however,  the  closure  was  re-generated  until  arrest  again 
occurred  at  a  Kcl/Kmax  ^  eve!  similar  to  that  of  the  original  (pre¬ 
overload)  threshold.  Such  closure  measurements,  together  with  the 
corresponding  effective  AKeff  values,  are  listed  in  Table  7.1.  Plots  of 
the  pre-  and  post-overload  growth  rates  as  a  function  of  both  AK  and 
AKeff,  computed  from  these  data  for  individual  tests,  are  shown  in  Figs. 
7.6  and  7.7,  respectively.  It  can  be  seen  that  the  "anomal ously"  high 
growth  rates  at  AKTH,  resulting  from  the  application  of  the  compression 
cycles,  fall  within  the  scatter-band  for  steady-state  growth  rates  when 
characterized  in  terms  of  AKeff  rather  than  AK.  This  clearly  implies  a 
dominant  role  of  closure.  Following  compression  overload  cycles,  the 
well-defined  features  of  the  fatigue  fracture  surfaces  (e.g..  Fig.  4.4) 
become  obscured  somewhat.  As  shown  in  Fig.  7.8,  there  are  clear 
indications  of  abrasion,  compacted  fretting  oxide  debris  and  the  cracking 
and  flattening  of  fracture  surface  asperities  close  behind  the  crack  tip. 
These  features,  which  always  predominated  in  the  immediate  vicinity  of 
the  crack  tip,  were  profuse  in  underaged  structures  where  the  asperities 
were  most  pronounced  due  to  the  faceted  nature  of  the  crack  path. 
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ange  (AKeff),  for  both  steady-state  behavior  (open  symbols)  and 
ipplication  of  500%  compression  overloads  (solid  symbols).  Data 
7.5  for  underaged  (UA),  peak-aged  (PA)  and  overaged  (OA) 
tures  in  7150  aluminum  alloy.  AKeff  calculations  based  on 
osure  stress  intensity  data. 
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Compression  Overload  Experiments:  2090-T8E41 

The  effect  of  single  (spike)  compressive  overloads  on  cracks  in  2090 
arrested  at  AK-j-^  is  shown  in  Fig.  7.9,  in  terms  of  post-overload  crack 
extension  as  a  function  of  number  of  cycles.  The  appl  i  cat  ion  of  a  100% 
compression  cycle  (corresponding  to  a  compressive  load  of  equal  magnitude 
to  the  peak  tensile  load  at  threshold)  showed  no  detectable  effect  on 
either  crack  closure  or  crack  growth.  Compression  cycles  of  200%  and 
above,  however,  resulted  in  rapid  crack  extension,  following  short 
dormant  periods,  even  though  conditions  were  maintained  at  a  constant  AK 
equal  to  the  threshold.  Above  400%  compression,  cracking  commenced 
immediately  following  the  overload,  without  any  dormant  period. 

The  initial  acceleration  at  AKj^,  which  is  shown  in  Fig.  7.10  as 
function  of  compressive  load  amp! itude,  was  followed  by  a  progressive 
deceleration  in  growth  rates  until  re-arrest.  Post-overload  crack 
extensions  to  re-arrest  ranged  from  110  pm,  following  200%  compression, 
to  410  pm,  following  400%  compression.  Similar  to  7150  alloy,  such 
behavior  was  found  to  be  concurrent  with  a  measured  reduction  in  Kc-|  at 
the  overload,  and  the  subsequent  re-generation  in  closure  with  further 
crack  extension.  Quantitative  estimates  of  the  consequent  increase  in 
local  "crack  driving  force",  AKeff,  at  the  overload,  and  its  decay  with 
crack  extension  until  re-arrest,  are  plotted  in  Fig.  7.11. 
Fractographical ly,  the  reduction  in  closure  following  compression 
overload  cycles  could  be  attributed  to  signs  of  fretting  debris  and 
specifically  to  compaction  of  asperities  and  abrasion  on  fracture 
surfaces,  similar  to  behavior  in  7150. 
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Fig.  7.9: 


Fatigue  crack  extension  at  constant  AK  =  AKjh  in  2090-T8E41 
alloy,  as  a  function  of  the  number  of  cycles  following  the 
application  of  100,  200,  300  and  400*  single  compression 
overload  cycles.  Compression  overloads  are  applied  to 
cracks  arrested  at  the  threshold  AKjh  at  R  =  0.10. 
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Fig.  7.10:  Comparison  of  compression  overload  results  for  2090-T8E41 
with  results  for  2124  and  7150,  showing  initial  crack 
growth  rate,  following  the  compression  cycle,  as  a  function 
of  the  magnitude  of  the  overload.  Note  the  increased 
sensitivity  of  the  a  1 u m i num- 1 i th i urn  alloy  to  the 
compression  cycles. 
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7.4  Discussion 

For  comparison,  data  for  2124-T351,  7150-T651  and  7150-T751,  j 

i 

measured  under  identical  test  conditions,  are  included  in  Fig.  7.10. 

< 

Whereas  200%  compression  overloads  are  required  to  re-initiate  cracking  ; 

( 

at  AKjh  in  2090,  at  least  300%  overloads  are  required  in  2124  and  500%  .  I 

i 

overloads  in  7150.  It  is  apparent  that,  although  the  aluminum-lithium  ? 

alloy  shows  much  improved  crack  growth  properties  under  constant 

amplitude  conditions,  in  the  presence  of  periodic  compression  loading,  I 

the  growth  of  arrested  threshold  cracks  can  occur  far  more  readily.  j 

< 

Paradoxically,  both  features  are  a  consequence  of  the  same  phenomenon,  J 

\i 

i.e.,  the  tortuous  crack  paths  and  resultant  crack  closure  from  asperity  I 

wedging,  which  are  characteristic  of  coherent  particle-hardened 
microstructures  and  particularly  of  aluminum-lithium  alloys.  The  crack 

deflection  and  roughness- induced  closure  certainly  provide  enhanced  crack  j 

< 

tip  shielding  to  impede  crack  extension,  yet,  by  the  same  token,  the  j 

i 

increased  dependence  on  crack  closure  due  to  any  wedging  mechanism  inside  ; 

the  crack  will  necessarily  make  the  alloy  prone  to  "damage"  (i.e.,  I 

reduced  shielding  and  a  higher  AKe^^)  in  the  presence  of  compressive 
loads  from  the  potential  break-up  of  the  wedge. 

The  present  experiments  are  analogous  to  prior  studies  (Sections  5  I 

and  5)  in  7150  and  2124  on  the  effect  of  the  mechanical  removal  of 

material  left  in  the  wake  of  threshold  cracks.  Here,  the  micro-machining 
away  of  wake  material  causes  a  similar  reduction  in  closure,  leading  to  a  i 

recommencement  of  growth  of  previously  arrested  cracks.  Subsequent  crack 
extension  again  is  associated  with  progressively  decreasing  growth  rates 
(but  not  in  this  case  complete  arrest)  as  closure  is  re-developed  ove*- 
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roughly  2  to  10  grain  sizes.  The  difference  in  the  two  types  of 
experiment  appears  to  be  in  the  location  of  the  closure  which  is  removed. 
Whereas  micro-machining  can  only  remove  closure  away  from  the  crack  tip 
vicinity  (i.e.,  reliably  no  closer  than  500  pm),24  the  nature  of  the 
fracture  surface  damage  in  Fig.  7.8  suggests  that  compression  overloads 
may  primarily  limit  the  more  important  near-tip  closure. 

This  study,  as  with  prior  studies22, 24,34,49  on  ro]e  0f  wa|<e 
removal,  clearly  identifies  the  existence  of  a  fatigue  threshold  with  the 
phenomenon  of  crack  closure.  Furthermore,  the  results  show  that  wherever 
closure  is  restricted,  such  as  in  the  present  case  with  the  application 
of  large  compression  cycles,  steady-state  propagation  rate  data 
characterized  in  terms  of  AK  can  no  longer  be  relied  upon  to  predict 
crack  growth  behavior  in  a  given  material. 


7.5  Concluding  Remarks 

Despite  early  claims  to  the  contrary, ®2’®^  compressive  loading  in 
the  form  of  single  (spike)  overloads  clearly  can  lead  to  dramatic 
increases  in  fatigue  crack  growth  rates  at  low  stress  intensity  ranges 
and  most  notably  to  crack  propagation  at  the  threshold.  These  results 
are  consistent  with  the  recent  work  of  Topper  and  his  co-workers®7’®®  who 
found  a  linear  decrease  in  threshold  values  with  increasing  compressive 
peak  stress,  and  an  accentuation  of  the  effect  when  the  compressive 
overloads  were  applied  more  frequently.  Such  observations  serve  to 
highlight  the  inherent  danger  of  utilizing  low  load  ratio  threshold  AKth 
values  in  engineering  design  to  predict  the  absence  of  fatigue  cracking. 
The  existence  of  the  threshold  is  linked  intimately  to  the  degree  of 
closure  which  controls  the  effective  near-tip  driving  force,  yet  such 
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considerations  are  not  incorporated  into  nominal  stress  intensity 
calculations  used  in  defect- to! erant  life  prediction  analyses.  Thus, 
wherever  the  extent  of  crack  closure  is  restricted,  such  as  at  high  load 
ratios,  with  small  flaws  or  cracks  at  notches,  or  in  the  presence  of 
large  compressive  stresses,  the  consequent  increase  in  near-tip  crack 
driving  force  can  lead  to  accelerated  and  non-unique  growth  rate  behavior 
and,  more  importantly,  to  crack  extension  at  AK  levels  at  or  below  the 
AK-pj  threshold. 

7.6  Conclusions 

Based  on  a  study  on  the  effect  on  single  (spike)  compression 
overloads  on  near- threshold  fatigue  crack  propagation  at  R  s  0.10  in 
7150,  2090  and  2124  aluminum  alloys,  the  following  conclusions  can  be 
made: 

1.  A  single  compression  overload,  of  magnitude  5  times  the  tensile 
peak  load,  resulted  in  immediate  re-initiation  of  growth  of  cracks 
arrested  at  the  fatigue  threshold  in  7150  alloy,  even  though  the  applied 
AK  was  maintained  constant  at  AKTH,  consistent  with  a  measured  16  to  28% 
reduction  in  crack  closure. 

2.  The  application  of  single  compression  overloads,  of  magnitude 
two  and  three  times  the  tensile  peak  load  at  AKyH,  was  sufficient  to 
cause  the  extension  of  cracks  arrested  at  the  threshold  AKyH  in  2090- 
T8E41  and  2124-T351,  respectively,  again  consistent  with  a  reduction  in 
closure. 

3.  The  reduction  in  closure  stress  intensity  (Kc1)  following  the 
compressive  cycle  was  related  primarily  to  a  reduced  contribution  from 
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roughness-induced  crack  closure  arising  from  abrasion  between  mating 
crack  surfaces,  i.e.,  fractographically  to  the  flattening  and  cracking  of 
fracture  surface  asperities  in  the  vicinity  of  the  crack  tip. 

4.  Crack  growth  at  AK  =  AKj^  following  the  application  of  the 
overload  was  characterized  by  a  progressive  deceleration  until  re-arrest 
occurred  within  1  to  4  grain  diameters.  Such  behavior  was  accompanied  by 
a  measured  increase  in  crack  closure  back  to  original  pre-overload 
threshold  levels. 

5.  Due  to  an  increase  dependence  on  crack  tip  shielding,  2090-T8E41 
shows  the  highest  sensitivity  to  periodic  compressive  load  cycles, 
compared  to  traditional  high  strength  aluminum  alloys.  Specifically,  the 
compressive  loads  required  to  cause  crack  growth  at  AKyH  were  over  a 
factor  of  two  smaller  in  2090,  than  in  2124  or  7150. 


8.  EXPERIMENTAL  AND  NUMERICAL  ANALYSIS  OF  LARGE,  SMALL, 
THROUGH-THICKNESS  AND  SURFACE  CRACKS 


8.1  Introduction 

The  widespread  adoption  of  the  damage  tolerance  approach  to  the 
fatigue  analysis  and  design  of  both  military  and  civil  aircraft  has 
resulted  in  far  greater  research  emphasis  on  crack  propagation  in 
aerospace  materials,  rather  than  on  traditional  stress-strain/life  (S/N) 
approaches  which  rely  largely  on  crack  initiation.  This  follows  because 
the  damage  tolerant  concept  assumes  that  flaws  pre-exist  from  the  first 
loading  cycle,  such  that  total  life  is  comprised  solely  of  crack 
propagation.  While  specific  design  requirements  for  this  approach  may 
vary  from  country  to  country,  most  resemble  the  U.S.  Air  Force  mandatory 
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specification  MIL-A-83444,  which  for  example  prescribes  an  initial  flaw 
size  for  the  airframe  of  1.27  mm.  However,  durability  requirements  may 
additionally  require  consideration  of  initial  defects  as  small  as 
0.127  mm. 

A  potential  problem  with  this  approach  can  arise  from  the  anomalous 
behavior  of  fatigue  cracks,  which  is  observed  for  physically  small 
(<  1  mm)  cracks  or  for  flaws  of  dimensions  approaching  the  size  scales  of 
microstructure  or  local  plasticity.  Most  data  show  such  small  cracks  to 
extend  at  rates  exceeding  those  of  long  cracks  at  the  same  nominal 
"driving  force",  and  to  grow  at  stress  intensity  ranges  below  the  fatigue 
threshold  AKjH,  where  long  cracks  become  dormant. 

Results  showing  enhanced  crack  extension  rates  for  small  cracks  are 
not  uncommon  (e.g.,  refs.  3-20),  both  for  the  extrinsic  toughness 
behavior  of  ceramics  and  composites  and  for  fatigue  crack  growth  in 
metals,  yet  there  is  a  paucity  of  experimental  data  showing  the  buildup 
of  shielding  with  crack  extension. 24,28,34,49  similarly,  few  analytical 
models  exist  for  the  crack-size  dependence  of  shielding  under  cyclic 
loading.4*  Several  numerical  models,  however,  for  both  plane  stress75,7® 
and  plane  strain77  do  predict  a  progressive  increase  in  shielding  with 
initial  crack  extension  to  a  saturation  (long  crack)  level,  but  are 
specific  to  crack  closure  induced  solely  by  cyclic  plasticity. 

The  primary  objective  of  this  study  is  thus  to  examine,  both 
experimentally  and  numerically,  the  role  of  crack  tip  shielding  in 
influencing  the  growth  behavior  of  long  (typically  exceeding  10  mm)  and 
small  (typically  2  to  400  pm)  fatigue  cracks  in  underaged  and  overaged 
microstructures  in  a  2124  aluminum  alloy,  where  the  principal  mechanisms 


of  shielding,  namely  crack  deflection  and  more  importantly  roughness- 
induced  crack  closure,  are  well  documented  (see  Section  6). 
Specifically,  measured  and  numerically  predicted  values  of  crack  closure 
are  compared,  as  a  function  of  crack  length,  for  through-thickness  long 
and  physical ly-short  cracks,  and  the  resulting  growth  rate  behavior 
compared  with  that  for  microstructurally-small  surface  cracks. 

8.2  Numerical  Analysis 

Crack  closure  Induced  by  cyclic  plasticity33  has  been  modelled  both 
analytically  (e.g,  ref.  78)  and  numerically  (e.g.,  ref.  79).  The 
analytical  models,  however,  are  exclusively  derived  from  the  Dugdale 
model  and  therefore  are  strictly  only  applicable  to  plane  stress, 
although  some  workers  Introduce  a  plastic  constraint  factor  to  simulate 
plane  strain  behavior.75  Elastic-plastic  finite  element  computations,79 
conversely,  have  verified  the  existence  of  plasticity-induced  closure  in 
plane  strain,  and  found  its  magnitude  to  be  far  less  than  in  plane 
stress. 

In  the  present  study,  the  latter  approach  was  followed  with 
numerical  modelling  performed  using  elastic-plastic  finite  element 
calculations  on  growing  cracks  in  both  compact  C(T)  and  SEN(B)  bend 
specimens,  under  the  same  test  conditions  (load  ratio,  crack  size,  etc.) 
as  were  used  experimentally.  Although  plane  strain  conditions  existed 
experimentally,  for  comparison  numerical  solutions  for  both  plane  stress 
and  plane  strain  were  obtained. 

In  the  numerical  procedures,79  crack  propagation  is  simulated  by 
releasing  the  crack  tip  node  at  maximum  load  in  the  cycle  (although  any 
type  of  strain  or  displacement  criteria  may  be  used),  and  changing  the 
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boundary  conditions.  On  unloading,  the  contact  problem  in  the  wake  of 
the  crack  tip  is  solved  by  decreasing  the  loads  in  steps  (avoiding 
interpenetrating  crack  surfaces).  The  closure  load,  Pc^,  and  hence  Kcl, 
are  defined  at  the  load  which  causes  first  contact  of  the  fracture 
surfaces.  Thereafter,  the  unloading  sequence  is  continued  stepwise  to 
minimum  load,  and  a  further  search  made  for  contact  points  behind  the 
crack  tip.  If  any  error  occurs  in  the  equilibrium  solution,  the  prior 
load  step  is  modified  using  the  stored  stress,  strain  and  displacement 
field,  but  with  a  new  load  decrement.  Two  convergence  criteria  are 
applied  during  this  procedure;  namely  all  closed  node  displacements  at 
the  crack  surfaces  are  defined  at  less  than  10"®  mm,  and  the  difference 
in  modified  (trans'er)  loads  at  less  than  0.05  N.  Opening  loads  are 
determined  in  an  analogous  manner  during  increasing  stepwise  increments. 

In  the  present  analysis,  material  behavior  was  modelled  as  an 
isotropic  strain  hardening  solid,  with  the  exact  shape  of  the  stress- 
strain  curve  utilized.  The  finite  elements  were  two-dimensional 
triangles  with  cubic  base  functions.  In  order  to  avoid  prescribing  a 
specific  type  of  singularity  at  the  crack  tip  (as  the  nature  of  the 
stress  and  deformation  fields  near  the  tip  of  a  small,  cyclically  loaded 
crack  is  unknown),  the  crack  tip  singularity  was  deduced  using  a  very 
fine  mesh  in  the  vicinity  of  the  crack  tip.  Fig.  8.1  shows  the  finite 
element  di screti zati on  of  the  bend  specimen.  In  order  to  obtain 
convergent  results  of  mesh-size  independent  closure  loads,  approximately 
15  to  20  elements  had  to  be  used  in  the  plastic  zone,  a  requirement 
which  determined  the  minimum  element  length. 
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Fig.  8.1:  Finite  element  discretization  of  the  single  edge  notched 
SEN(B)  bend  specimen  used  in  the  numerical  calculations, 
showing  increasingly  magnified  views  of  the  crack  tip 
region. 


8.3  Long  Crack  Behavior 

Experimental  results.  Long  crack  fatigue  crack  growth  rate  data,  in 
the  underaged  T351  structure  at  a  load  ratio  of  0.1,  are  plotted  in  Figs. 

6.3  and  6.4  as  a  function  of  both  AK  and  AKe^^.  Corresponding  crack 
closure  data  are  shown  in  Fig.  6.5,  and  indicate  increasing  closure  with 
decreasing  AK,  characteristic  of  behavior  dominated  by  wedge  shielding 
mechanisms. 

The  measured  levels  of  closure,  especially  in  the  underaged  (T351) 
condition,  are  consistent  with  the  highly  branched  and  meandering  nature 
of  the  crack  path  (Fig.  8.2).  Such  crack  path  morphologies  promote 
significant  contributions  to  shielding  from  crack  deflection  and  asperity 
wedging  (roughness-induced  crack  closure. 

Numerical  results.  Finite  element  plane  strain  and  plane  stress 
predictions  of  the  crack  closure.  In  the  form  of  normalized  closure 
levels,  Kci/Kmax,  as  a  function  of  crack  length,  a,  are  plotted  in  Fig. 

8.3  for  crack  extension  in  2124-T351  at  R  *  0.1.  The  build-up  of  closure 
in  the  wake  of  the  growing  crack  can  also  be  appreciated  by  examining  the 
distribution  of  normal  stresses  in  the  vicinity  of  the  tip  of  a  long 
crack  (a  *  32.8  mm)  in  the  C(T)  geometry  under  plane  stress  conditions. 
Stress  distributions  are  plotted  during  unloading  at  the  maximum,  closure 
and  minimum  loads  in  Figs.  8.4a,b  S  c,  respecti vely.  Crack  closure 
becomes  evident  from  the  compressive  stresses  (drawn  below  the  plane)  in 
the  wake  of  the  growing  crack  at  tensile  loads. 

The  continuum  predictions  in  Figs.  8.3  and  8.4  naturally  pertain  to 
the  contribution  to  shielding  from  plasticity-induced  closure  only. 
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Fig.  8.2: 


Morphology  of  the  fatigue  crack  path  in  a)  underaged  T351 
and  b)  overaged  2124  aluminum  alloy  at  AK  values  between  3.5 
and  5  MPa/m.  Crack  path  profiles  were  obtained  from 
metallographlc  sections,  taken  perpendicular  to  the  crack 
surface  at  center  thickness  (Keller's  reagent  etch).  Arrow 
indicates  direction  of  crack  propagation. 
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Fig.  8.3:  Finite  element  predictions  of  the  normalized  crack  closure, 
Kci/Kmax»  as  a  function  of  crack  length,  a,  for  long  and 
short  cracks  in  C(T)  and  SEN(B)  specimens  of  2124-T351  at 
R  *  0.10.  Numerical  predictions  pertain  to  elastic-plastic 
conditions  in  either  plane  stress  or  plane  strain. 
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Fig.  8.4:  Finite  element  predictions  of  the  distribution  of  normal 
stresses  during  unloading  in  the  vicinity  of  a  long  (a  = 
32.8  mm)  fatigue  crack  in  the  C(T)  geometry  under  plane 
stress  conditions  (R  *  0.10)  at  a)  the  maximum  load  (326  N), 
b)  the  closure  load  (195  N),  and  c)  the  minimum  load  (33  N). 
Stresses  above  the  plane  are  tensile,  below  are  compressive. 
The  crack  tip  is  located  at  the  point  of  maximum  compressive 
stress;  the  tensile  peak  to  the  right  is  due  to  the  first 
compressive  contact  during  the  initial  load  cycle  and  has  no 
effect  on  subsequent  results. 
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significantly  higher  levels  of  closure  are  predicted  for  plane  stress 
conditions.  Results  for  the  C(T)  geometry,  pertinent  to  long  crack 
behavior,  are  shown  for  crack  lengths  in  excess  of  0.1  mm  and  indicate  no 
change  in  closure  above  the  crack  size.  It  should  be  noted  that  similar 
sized  cracks  in  the  SEN(B)  bend  specimens  gave  identical  closure  levels. 

In  Fig.  8.5,  these  results  are  used  to  compute  AKeff  values,  and  are 
compared  with  the  experimentally  derived  values  for  the  growth  rate  data 
in  the  underaged  and  overaged  microstructures  at  R  =  0.1.  It  is  apparent 
that  the  numerical  results  for  plane  strain  indicate  significantly  higher 
AKeff  values,  particularly  below  10"9  m/cycle,  because  of  predictions  of 
far  lower  closure  levels.  Numerical  predictions  of  AKef.f  values  based  on 
the  plane  stress  assumption,  on  the  other  hand,  are  closer  to  the 
experimentally  measured  results,  especially  for  near-threshold  behavior 
in  the  underaged  m i crostructure,  although  in  reality  it  is  clear  that 
such  plane  stress  conditions  did  not  apply  experimentally. 

8.4  Through-Thickness  Short  Crack  Behavior 

Experimental  results.  Growth  rate  data  for  the  through-thickness 
physical ly-short  (50  to  400  pm)  cracks  in  the  underaged  (T351) 
microstructure  are  shown  in  Fig.  6.9,  and  indicate  that  short  cracks  can 
grow  at  AK  levels  well  below  the  long  crack  threshold  AKyH. 

As  discussed  in  Section  6,  during  each  deceleration  and  arrest  event 
for  the  short  crack,  the  development  of  crack  closure  with  crack 
extension  was  experimentally  monitored.  Results  for  each  such  event, 
involving  the  extension  of  a  90  pm  long  crack  to  230  pm,  are  shown  in 
Fig.  8.6.  The  progressive  reduction  in  growth  rates  leading  to  arrest 
can  be  seen  to  be  associated  directly  with  a  concurrent  increase  in  crack 
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Fig.  8.5:  Fatigue  crack  propagation  behavior  of  long  cracks  at 
R  *  0.10  in  a)  underaged  T351  and  b)  overaged  2124  aluminum 
alloy,  as  a  function  of  AK  and  AKeff*  showing  difference  in 
AKeff  values  derived  from  numerical  predictions  and 
experimentally  measured  Kc-|  data. 
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Fig.  8.6: 
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CRACK  LENGTH,  a  (mm) 

Variation  in  growth  rate  and  crack  closure  with  crack 
extension  during  sub-threshold  propagation  of  physically- 
short  cracks  in  2124-T351  aluminum  alloy,  showing  how 
closure  is  generated  during  initial  crack  extension  (a  *  90 
to  230  urn)  concurrent  with  the  progressive  decay  in  growth 
rates  to  arrest.  Crack  closure  is  represented  as  the 
normalized  closure  ratio,  Kcl/*max»  ancl  shows  a  comparison 
of  experimentally  measured  values  with  those  predicted 
numerically  for  both  plane  stress  and  plane  strain 
conditions. 
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closure  resulting  in  a  corresponding  reduction  in  AKe^f.  The  magnitude 
of  this  increase  is  associated  with  very  high  levels  of  Kc1/Kmax 
approaching  0.9,  far  in  excess  of  those  for  long  cracks.  Using  such 
closure  data,  short  crack  growth  rates  are  plotted  as  a  function  of  AKe^ 
in  Fig.  8.7. 

Numerical  results.  Numerical  plane  stress  and  plane  strain 
predictions  of  crack  closure  for  short  cracks  in  the  SEN(B)  bend 
specimens  are  shown  in  Fig.  8.3,  and  are  compared  with  experimentally 
determined  values  in  Fig.  8.6.  Clearly,  at  small  crack  lengths  below 
^  100  to  200  pm,  both  theoretical  and  experimentally  measured  closure 
levels  decay  markedly  with  progressive  decrease  in  crack  length, 
indicating  that  the  local  AKeff  experienced  by  the  short  crack  will  be  in 
excess  of  that  ahead  of  long  cracks  at  the  same  nominal  AK.  However,  as 
before,  plane  strain  predictions  from  the  finite  element  model  yield  far 
lower  closure  level s  (by  a  factor  of  4  to  5)  compared  to  those  measured 
experimentally.  Plane  stress  predictions  are  much  closer  to  the  measured 
values,  but  are  still  up  to  50%  lower. 

8.5  Naturally-Occurring  Small  Surface  Crack  Behavior 

Corresponding  experimental  results  for  the  naturally-occurring  small 
(2  to  400  pm)  semi-elliptical  surface  cracks  are  shown  in  Fig.  8.8  for 
the  underaged  (T351)  and  overaged  conditions.  Data  are  plotted  as  a 
function  of  nominal  AK  values  and  are  compared  with  equivalent  results  on 
long  through-thickness  cracks.  Considerable  scatter  is  apparent  in  the 
small  crack  growth  rates.  This  is  to  be  expected  as  measurements  of 
growth  rates  are  made  at  the  microstructural  level  and  thus  include  the 
frequent  impedance  to  crack  advance  from  local  interactions  with 
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Fig.  8.7:  Variation  in  fatigue  crack  growth  rates  in  2124-T351  alloy 
at  R  *  0.10  for  long  (17-38  mm)  cracks  and  physically-short 
(90-400  urn)  cracks,  plotted  as  a  function  of  AK^ff  (derived 
from  experimental  closure  data).  Note  that  physically-short 
cracks  propagate  below  the  effective  threshold,  indicating 
that  differences  in  behavior  between  long  and  short  cracks 
may  not  be  solely  attributable  to  closure  effects. 
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raicrostructural  features,  as  shown  by  the  crack  path  profiles  in  Fig. 
8.9.  However,  it  is  clear  that  microstructurally-small  cracks  propagate, 
without  evidence  of  a  threshold,  at  rates  generally  in  excess  (by  up  to  3 
orders  of  magnitude)  of  equivalent  long  through-thickness  cracks  at  the 
same  nominal  AK.  Moreover,  they  grow  at  stress  intensity  ranges  as  low 
as  0.9  MPa/iii,  well  below  the  long  crack  threshold. 

A  primary  reason  for  the  accelerated  growth  of  such  small  flaws  can 
be  appreciated  by  comparing  the  small  crack  data  with  long  crack  growth 
rates  plotted  as  a  function  of  AKeff.  It  is  apparent  that  once  crack 
closure  has  been  subtracted  out,  reasonable  correspondence  is  achieved 
between  long  and  small  crack  results. 

8.6  Discussion 

Role  of  Crack  Tip  Shielding 

This  work  has  attempted  to  provide  quantitative  evidence  of  the 
dominant  role  of  crack  tip  shielding,28  specifically  from  crack  closure, 
in  distinguishing  the  near-threshold  fatigue  behavior  of  through¬ 
thickness  long  cracks,  through-thickness  physi cal ly-short  cracks,  and 
natural ly-occurring  microstructurally-small  surface  cracks.  Both 
numerical  computations  and  experimental  measurements  have  confirmed  that 
closure  levels  stay  reasonably  constant  for  long  cracks  (at  fixed  R),  yet 
progressi vely  decay  to  zero  for  crack  sizes  in  the  present  alloy  below 
roughly  100  pm.  The  latter  variation  in  shielding  with  crack  length 
clearly  can  result  in  some  degree  of  non-uniqueness  in  growth  rate 
behavior  at  small  crack  sizes,  particularly  in  the  near- threshold  regime 
where  closure  effects  are  enhanced.  This  is  illustrated  in  Fig.  8.10, 
where  a  comparison  of  measured  growth  rates  for  long,  through-thickness 
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Fig.  8.9: 
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Naturally-occurring  microstructurally-smal 1  (2-400  um) 
surface  cracks  in  a)  underaged  T351  and  b)  overaged  2124- 
T351  aluminum  alloy.  Replicas  of  small  cracks  were  obtained 
by  surface  replication.  Arrow  indicates  direction  of 
tensile  stress  axis. 
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Fig.  8.10:  Fatigue  crack  growth  rate  behavior  in  2124-T351  aluminum 
alloy,  as  a  function  of  nominal  AK,  for  through-thickness 
long  (17-38  mm)  cracks,  through-thickness  short  (50-400  urn) 
cracks,  and  naturally-occurring  small  (2-400  um)  surface 
cracks. 
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short  and  small  surface  cracks  in  2124-T351  shows  increasingly  more 
scatter  as  the  threshold  is  approached. 

The  role  of  such  closure  is  illustrated,  for  example,  by  the 
observation  that  the  load  ratio  dependence  of  thresholds  for  long  cracks 
can  be  attributed  primarily  to  variations  in  Kcl  levels.  Moreover,  the 
commonality  of  threshold  values  in  each  microstructure,  when  computed  in 
terms  of  AKg^,  would  suggest  that  some  intrinsic  threshold  does  exist 
for  long  cracks,  provided  closure  is  fully  accounted  for. 

With  through-thickness  physically-short  cracks,  observations  of 


crack  growth  at  stress  intensities  below  AKyH,  at  rates  which 
progressi vely  decay  to  arrest  or  merge  with  long  crack  data,  have  also 
been  shown  to  be  associated  quantitatively  with  an  initial  lack  of 
shielding  and  its  subsequent  development  with  crack  extension. 
Specifically,  the  sub-tbresbol d  decay  in  short  crack  growth  rates  has 
been  related  to  a  concurrent  increase  in  Kcl,  such  that  the  local  driving 
force,  AKeff,  sees  a  minimum.  Similarly,  the  accelerated  and  sub¬ 
threshold  behavior  of  naturally-occurring  small  cracks  appears  to  be 
consistent  with  a  lack  of  shielding  generated  during  the  extension  of 
semi-elliptical  surface  flaws  with  limited  wake.  In  addition,  naturally- 
occurring  small  flaws  are  likely  to  show  somewhat  enhanced  growth  rates 
even  at  higher  AK  levels,  as  compared  to  pre-existing  through- thickness 
flaws,  they  tend  to  initiate  preferential ly  in  the  most  favorably 
oriented  grains  and  are  less  likely  to  have  their  growth  averaged  over 
many  disadvantageously  oriented  grains. 

Of  particular  significance  in  this  work  is  the  comparison  of 
numerically  computed  closure  levels  with  those  measured  experimentally  on 
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bo  t h  long  and  short  flaws.  Progress! vely,  as  growth  rates  are  reduced 
towards  the  threshold,  the  predicted  magnitude  of  closure  for  plane 
strain  conditions  can  be  seen  to  fall  far  short  of  experimental 
measurements  (Figs.  8.5  and  8.6).  Several  authors  previously  (e.g., 
refs.  75,76)  have  used  plane  stress  numerical  models  in  order  to  predict 
higher  levels  of  closure  at  near-threshold  levels  in,  for  example, 
spectrum  loading  fatigue  lifetime  prediction  analyses.  As  shown  in  the 
present  study,  such  models  do  predict  levels  of  closure  closer  to  that 
measured  experimentally,  although  such  predictions  are  artificial  as 
near- threshold  conditions  are  invariably  plane  strain. 

The  logical  reason  for  the  discrepancy  between  theory  and  experiment 
is  that  at  lower  stress  intensities,  where  crack  tip  opening 
displacements  (CTOD)  are  restricted,  the  major  sources  of  crack  closure 
(in  addition  to  that  induced  by  cyclic  plasticity)  originate  from  the 
wedging  of  fracture  surface  asperities41-*3  and  corrosion  debris,3®-4® 
whereas  numerical  models  predict  merely  the  pi  asti c i ty- i nduced 
contribution.  This  discrepancy  is  particularly  striking  in  2124-T351  as 
the  alloy  develops  strong  contributions  from  roughness-induced  closure, 
due  to  the  branched  and  deflected  nature  of  the  crack  path  near  akth 
(Fig.  8.2). 
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Although  care  must  be  exercised  in  interpreting  growth  rate  data 
plotted  as  a  function  of  AKeff,  due  to  uncertainties  in  evaluating  the 
magnitude  of  Kc^,  it  is  apparent  from  the  present  results  that,  whether 
closure  is  assessed  in  terms  of  the  cyclic  plasticity  mechanism  alone  in 
numerical  calculations  or  in  terms  of  the  combined  effects  of  all 
possible  closure  mechanisms  in  experimental  measurements,  through- 
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thickness  short  and  semi-elliptical  small  surface  cracks  are  still  seen 
to  propagate  below  the  long  crack  (AKeff)  threshold  (Fig.  8.7).  Thus, 
despite  its  major  significance,  shielding  via  crack  closure  alone 
apparently  does  not  provide  a  complete  ra ti ona 1 i za ti on  for  the 
accelerated  growth  rates  of  small  flaws,  at  least  where  the  crack  driving 
force  is  defined  in  terms  of  modifications  to  the  elastic  stress 
intensity  range,  AK. 

8.7  Role  of  Crack  Tip  Singularity  and  Plastic  Zone  Size 

Several  factors  in  addition  to  crack  closure  have  been  postulated  to 
explain  the  "anomalous"  behavior  of  small  cracks  (reviewed  in  refs.  19 
and  20).  Discussed  below  are  those  factors  which  pertain  to  the  choice 
of  a  crack  tip  characterizing  parameter  based  on  Kj,  specifically 
involving  the  neglect  of  higher  order  terms  in  the  series  expansion  of 
the  crack  tip  stress  field  and  the  variation  in  the  morphology  of  the 
plastic  zone  with  crack  length.  In  this  regard,  it  should  be  noted  that, 
although  nonlinear  elastic,  small-scale  yielding  parameters,  such  as  the 
cyclic  J-integral,  the  strain  energy  density  range  (AS)  or  the  cyclic 
strain  energy  release  rate,^»®*81  have  been  proposed  as  "driving  forces" 
for  small  cracks,  none  constitutes  a  viable  alternative  due  to  the 
violation  in  the  fracture  mechanics  similitude  concept  from  the  crack  tip 
shielding  effects  discussed  above. 

Elastic  crack  tip  field  considerations.  Talug  and  Reifsnider®2  have 
suggested  that  the  inclusion  of  nonsingular  stresses  in  the  description 
of  the  linear  elastic  crack  tip  stress  field  will  become  increasingly 
more  significant  as  the  length  of  the  crack  decreases.  Thus,  to 
characterize  the  "driving  force"  for  a  small  flaw,  it  is  necessary  to 


derive  the  full  stress  field  expansion,  by  finding  a  stress  function 
which  satisfies  the  biharmonic  equation  =  0  ( V2<l>  is  the  Laplace 
operator  and  $  is  the  Airy  stress  function),  while  simultaneously 
satisfying  the  boundary  conditions  for  the  chosen  geometry  and  mode  of 
loading.  This  can  be  achieved  by  employing  the  Williams'  stress 
function®-*  or  the  numerically  convenient  Muskhel  i shvi  1  i 's  complex 
function  approach,®^  and  by  recognizing  that  the  crack  surfaces  must  be 
free  from  traction,  such  that  the  stress  field,  as  a  function  of  radial 
distance  r  and  polar  angle  0,  can  be  expressed  as  an  infinite  series, 
e.g.,  for  the  normal  stress: 

syy  ■  £  I  r<1  '  l){\[<2  -  <-»">  cos(J-  1)9 

♦  (J  -  1)  C0S(J  -  3)e]  -  Bn[(2  -  J  ♦  (-1)")  sin(£  -  1)0 

♦  <5- 1)  «m<J- 3)]ej  (8.,) 

where  n  is  the  number  of  terms.  From  Eq.  8.1,  Oyy  can  be  solved  for  any 

number  of  terms.  For  example,  at  n  =  1  and  0  =  0,  the  stress  field  can 

be  written: 

Oyy  =  Aj  r"^  (8.2) 

such  that  Aj  must  equal  Kj/STn.  In  the  present  study,  higher  order  terms 
were  solved  by  comparing  with  the  fully  elastic  finite  element 
calculations  for  Oyy,  using  the  mesh  depicted  in  Fig.  8.1.  By  employing 
an  increasing  number  of  terms  in  the  series  expansion,  the  resulting 
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stress  intensity  factors,  expressed  as  a  dimensionless  parameter  KjB/w/P 
(B  is  the  specimen  thickness,  W  the  width),  are  shown  in  Fig.  8.11  as  a 
function  of  crack  length  for  the  SEN(B)  specimen,  and  are  compared  with 
the  standard  long  crack  Kj  solution.6*  From  these  results,  it  is  readily 
apparent  that  the  effect  of  the  higher  order,  nonsingular  terms  is  not 
insignificant  in  deriving  Kj  solutions  to  characterize  the  crack  advance 
of  very  small  falws,  although  the  number  of  terms  which  should  be  used  is 
uncertain. 

A  second  complication  for  small  surface  cracks  is  that  although 
depthwise  extension  is  in  plane  strain,  the  intersection  of  the  semi¬ 
elliptical  crack  with  the  free  surface  is  in  plane  stress.  At  this 
point,  the  elastic  stress  field  singularity  is  also  very  different  from 
the  inverse  square  root  Kj-field  singularity,  commonly  employed  in 
LEFM.85 

Plasticity  consideration.  A  further  factor  to  be  considered  in  the 
description  of  a  characterizing  parameter  for  the  stress  and  deformation 
fields  associated  with  very  small  cracks  is  the  size  and  the  shape  of  the 
plastic  zone.  From  the  present  numerical  calculations  in  the  SEN(B) 
specimen,  finite  element  predictions  of  the  extent  of  local  plasticity 
ahead  of  a  0.16  pm  long  crack  were  determined  for  both  plane  strain  and 
plane  stress  conditions.  These  are  illustrated  in  Fig.  8.12  and  indicate 
marked  departures  with  the  usual  shape  of  the  long  crack  plastic  zone, 
owing  to  the  close  proximity  to  a  free  surface.  Similar  to  previous 
analyses  for  plane  strain  only,86  even  under  monotoni cal ly  increasing 


loads,  elastic  enclaves  are  predicted  immediately  ahead  of  the  crack  tip 
(on  the  0=0  plane)  and  behind  the  tip  at  the  free  surface.  Such 
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Fig.  8.11:  Variation  in  dimensionless  stress  intensity  factor, 
KiB/tf/P,  with  short  crack  length,  a,  in  SEN(B)  specimen, 
showing  effect  of  including  higher  order  terms  in  the 
series  expansion  for  the  crack  tip  field.  Numerical 
results  are  compared  with  the  standard  linear  elastic  Kj 
solution  for  a  long  crack  from  Tada  et  al.^1 
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Fig.  8.12:  Elastic-plastic  finite  element  predictions  of  the  plastic 
zone  shapes  in  a)  plane  strain  and  b)  plane  stress  for  a 
very  short  (0.16  um)  crack  (at  location  A)  in  an  SEN(B) 
specimen  of  2124-T351,  as  a  function  of  increasing  loads. 
Elastic  enclaves  are  represented  by  hatched  areas 
immediately  ahead  of  the  crack  tip  and  behind  the  tip  at 
the  free  surface. 


results  are  also  consistent  with  earlier  numerical  studies7^  on  three- 
point  bend  specimens  of  a  2024  aluminum  alloy,  where  it  was  found  that 
the  maximum  extent  of  the  plastic  zone  was  8  times  larger  for  a  small  (10 
pm)  crack,  compared  to  an  equivalent  long  crack  (a  =  W/2)  at  a  AK  of 
^  2  MPa/m.  Moreover,  it  was  found  that,  with  increasing  crack  length, 
the  shape  of  the  zone  was  developed  more  in  the  wake  of  the  growing 
crack,  consistent  with  the  higher  levels  of  plasticity-induced  crack 
closure  generated  by  long  flaws. 

8.8  Conclusions 

Based  on  an  investigation  into  the  role  of  crack  tip  shielding  in 
influencing  the  behavior  of  large  and  small  fatigue  cracks,  involving  an 
experimental  and  finite  element  study  of  through- thickness  long  (17-38 
mm)  cracks,  through-thickness  physi cal  ly-short  (50-400  pm)  cracks,  and 
naturally-occurring  small  (2-400  pm)  surface  cracks  in  underaged  (T351) 
and  overaged  mi crostructures  of  a  2124  aluminum  alloy,  the  following 
conclusions  can  be  made: 

1.  The  existence  of  a  threshold  stress  intensity  range  AKyH  for  the 
dormancy  of  long  cracks  was  found  to  be  associated  with  high  levels  of 
crack  closure,  with  values  of  K^/Kn^x  approaching  0.7. 

2.  Through-thickness  physically-short  cracks  were  observed  to 
propagate  at  nominal  stress  intensity  ranges  at,  and  below,  AKyH.  Such 
short  crack  growth  rates  were  found  to  decay  progressively  until  arrest 
(or  before  merging  with  long  crack  data),  concurrent  with  a  measured  and 
numerically  predicted  increase  in  the  closure  stress  intensity,  and  a 
consequent  reduction  in  the  local  "driving  force"  AKeyy. 


-117- 


3.  Natural ly-occurring  microstructurally-small  surface  cracks  were 
observed  to  propagate  at  rates  up  to  3  orders  of  magnitude  faster  than 
corresponding  long  cracks  subjected  to  the  same  nominal  AK  level. 
Moreover,  such  small  cracks  were  found  to  advance  at  rates  in  the  range 
10"*®  to  10"®  m/cycle  at  AK  levels  below  AK^.  However,  when  compared 
with  long  crack  data  analyzed  in  terms  of  AKe^.f  (after  correcting  for 
closure),  reasonable  correspondence  was  found  between  long  and  small 
surface  crack  growth  rates  (above  the  AKeff  threshold). 

4.  Elastic-plastic  finite  element  analyses  of  plasticity-induced 
crack  closure,  under  both  plane  stress  and  plane  strain  conditions, 
confirmed  the  development  of  closure  with  increasing  crack  length,  up  to 
a  transition  length  (^  100  to  200  pm)  where  the  extent  of  closure 
saturates  at  the  long  crack  value,  in  qualitative  agreement  with 
experimental  observations.  Predicted  normalized  closure  levels, 
Kci/Kmax»  were  approximately  3  times  larger  for  plane  stress  conditions. 

5.  Measured  closure  levels  (in  plane  strain)  were  found  to  be 
significantly  higher  than  numerical  plane  strain  predictions  for  both 
long  and  short  cracks,  particularly  at  low  stress  intensity  ranges. 
Plane  stress  predictions  were  closer  to,  but  still  less  than,  measured 
(plane  strain)  values.  Such  discrepancies  were  attributed  to  the  fact 
that  the  primary  contributions  to  closure  at  near-threshold  levels 
originate  from  wedge  shielding  mechanisms,  specifically  in  2124  from  the 
wedging  of  fracture  surface  asperities  (roughness- i nduced  closure), 
resulting  from  the  deflected  crack  path. 

6.  Differences  in  behavior  between  long,  physical ly-short  and  small 
surface  cracks  appear  to  be  rationalized  largely  by  the  variation  in 


crack  tip  shielding  with  the  extent  of  crack  wake.  However,  as  cracks  of 
small  size  were  still  observed  to  propagate  below  the  effective  threshold 
stress  intensity  range,  other  factors,  such  as  the  computation  of  Kj  for 
small  cracks  in  terms  of  varying  plastic  zone  morphology  and  the 
inclusion  of  higher  order  terms  in  the  stress  field  expansion,  should  be 
considered. 


9.  ASSESSMENT  OF  THE  SMALL  CRACK  PROBLEM 
9.1  Introduction 

The  total  fatigue  life  of  engineering  structures  and  components  is 

often  dominated  by  the  time  (or  number  of  cycles)  during  which  incipient 

cracks  are  small  (typically  less  than  1  mm)  and  propagating  at  low  growth 

rates.  However,  it  is  in  this  regime  that  the  behavior  of  such  cracks 

may  become  non-unique,  and  exhibit  growth  rates  far  in  excess  of  those  of 

long  cracks  (typically  larger  than  10  mm)  subjected  to  the  same  nominal 

"driving  force",  e.g.,  the  same  stress  intensity  range.3-20* 
28,49,54,55,61,76,77,81 

In  this  section,  the  salient  features  of  the  problem  are  summarized 
with  respect  to  the  various  classes  of  small  flaws.  In  addition,  some 
thoughts  are  offered  on  the  incorporation  of  small  crack  methodology  into 
current  design  and  fatigue  life  prediction  analyses  and  on  the 
development  of  new  materials  with  superior  resistance  to  the  growth  of 
microcracks  by  fatigue. 
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9.2  The  Small  Crack  Problea 

The  small  crack  problem  is  in  essence  one  created  by  fracture 
mechanics  through  a  breakdown  in  the  similitude  concept  at  small  crack 
sizes.2®  For  example,  it  has  been  shown®^  that  crack  tip  strain  fields 
for  large  and  microstructurally-small  fatigue  cracks,  driven  by  nominally 
equivalent  cyclic  stress  intensities,  are  qualitatively  and 
quantitatively  dissimilar.  It  is  thus  a  problem  of  defining  a  flaw  size- 
independent  "crack  driving  force"  to  account  for  observations  that  small 
cracks  can  propagate  at  rates  different  from  those  of  corresponding  long 
cracks  at  the  same  nominal  driving  force.  In  the  large  majority  of 
cases,  small  crack  growth  rates  exceed  those  of  long  cracks,  although 
there  is  evidence  in  steels  of  a  mild  reverse  effect.®7*®®  Following 
initiation,  small  cracks  are  observed  to  grow  at  stress  intensities  below 
the  long  crack  threshold;  some  extend  with  decaying  growth  rates  until 
arrest,  while  others  propagate  quite  rapidly  to  merge  with  long  crack 
behavior  (Fig.  2.1).  The  problem  therefore  has  practical  significance, 
because  damage- tolerant  fatigue  lifetime  computations  are  invariably 
based  on  long  crack  data.  As  overall  life  is  most  influenced  by  low 
growth  rate  behavior,  the  accelerated  and  sub-threshold  extension  of 
small  flaws  can  lead  to  potentially  dangerous  over-predictions  of  life. 

9.3  Definition  of  a  Small  Crack 

Adjectives  describing  various  types  of  small  crack  currently  abound, 
although  some  consensus  is  emerging.  For  example,  the  distinction 
between  (three-dimensional)  small  flaws  and  (two-dimensional)  short 
flaws,  the  latter  being  small  in  all  but  one  dimension,  clearly  is  of 
importance. ^9,54  Short  flaws  are  generally  through-thickness  cracks. 
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often  no  smaller  than  50  pm,  which  are  created  artificially  by  removing 
the  wake  material  from  long  through  cracks.  Their  behavior  appears  to  be 
dominated,  like  that  of  large  cracks,  by  the  cyclic  stress  intensity 
factor  AK  (for  small-scale  yielding),  corrected  by  considerations  of 
crack  closure.^®**9  Natural ly-occurring  small  flaws,  conversely,  often 
approach  microstructural  dimensions,  and  although  their  behavior  is  still 
largely  affected  by  closure,  several  other  factors,  including  crack 
shape/9  enhanced  crack  tip  plastic  strains,®4  and  local  arrest  at  grain 
boundaries,®9  are  of  comparable  significance. 

Useful  qualifiers  remain  microstructurally-,  mechanically-  and 
physically-small  (or  short),  which  pertain  respectively  to  cracks  small 
compared  to  microstructural  dimensions,  to  the  scale  of  local  plasticity, 
and  simply  to  cracks  of  a  size  less  than  0.5  to  1  mm.19  In  addition, 
fatigue  cracks  have  also  been  described,  with  reference  to  environmental 
effects,  as  chemically-small ,18,20,90  as  described  below.  Each  of  these 
classes  of  small  flaw  is  associated  with  particular  phenomena  which 
primarily  distinguish  it  from  long  crack  behavior  (Table  9.1).  For 
example,  for  mechanical ly-small  flaws,  characterization  in  terms  of 
elastic-plastic  fracture  mechanics  (e.g.,  through  the  use  of  ACT0D  of 
AJ^*®),  or  even  in  terms  of  the  strain  energy  density  AS,®*  may  help 
resolve  differences  in  growth  rates  behavior  between  long  and  small 
cracks.  On  the  other  hand,  for  physically-small  flaws,  allowance  for 
differences  in  the  magnitude  of  crack  closure  (e.g.,  through  the  use  of 

i  o  i£  iq  on 

AKeff)  appears  to  be  the  predominant  correlating  factor. 

24,28,49,55  jn  case  of  microstructurally-small  flaws,  all  these 
factors  may  be  important,  plus  others  associated  with  local 
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Table  9.1:  Classes  of  Small  Fatigue  Cracks 


Type  of  Small  Crack 

Dimension 

Responsible 

Meehan i sm 

Potential 

Solution 

Mechanically- smal 1 

a  £  rya 

excessive  (active 
plasticity 

use  of  AJ,  AS 
ACTOD 

Microstructurally- 
smal  1 

a  <  dgb 

2c  <  5-10  dg 

crack  tip  shielding 
enhanced  Aep 
crack  shape 

probabil istic 
approach 

Physical ly- small 

a  £  1  mm 

crack  tip  shielding 
(crack  closure) 

use  of  AKgff 

Chemically- Small 

up  to 
^  10  mmc 

local  crack  tip 
envi ronment 

ary  is  plastic  zone  size  or  plastic  field  of  notch. 

bdg  is  critical  microstructural  dimension,  e.g.,  grain  size,  a  is  the 
crack  depth  and  2c  the  surface  length. 

cCritical  size  is  a  function  of  frequency  and  reaction  kinetics. 

inhomogeneities  in  the  microstructure,  non-uniform  growth  retardation  at 
grain  boundaries,  and  so  forth. 54,89 

In  particular,  the  microstructurally-small ,  rapidly  growing  crack 
corresponds  to  a  three-dimensional  crack  whose  plastic  zone  is  less  than 
the  key  microstructural  dimension,  which  in  most  cases  is  the  grain  size. 
Thus,  the  crack  tip  tends  to  operate  as  it  would  in  a  single  crystal 
preferential ly  oriented  for  operation  of  the  relevant  crack  extension 
mechanism.  In  addition,  the  crack  front  encompasses  relatively  few 
grains,  so  that  growth  is  not  averaged  over  many  disadvantageously 
oriented  grains.  The  latter  is  probably  a  major  factor  in  distinguishing 
small  cracks  from  short  through-thickness  cracks,  whose  fronts  must 
necessarily  sample  many  grains.  It  further  provides  an  explanation  why 


crack  tip  shielding  alone  is  generally  sufficient  to  rationalize  behavior 
of  the  short  through-thickness  crack. 

9.4  Origins  of  Differences  Between  Long  and  Saall  Crack  Behavior 

Several  major  factors  have  been  identified  which  are  primarily 
responsible  for  differences  in  long  and  small  crack  behavior  (Table  9.1). 
Of  particular  significance  is  the  varying  contribution  of  crack  tip 
shielding,  with  size  of  the  crack  wake,  in  locally  reducing  the  effective 
driving  force  experienced  at  the  tip.^®  Such  shielding  arises  in  fatigue 
from  crack  closure  (e.g.,  ref.  45),  and  to  lesser  extent  from  crack 
deflection,*®  and  has  been  shown  to  be  diminished  at  small  crack 
sizes. 1^,20  However,  for  mi crostructural ly-smal 1  cracks,  it  is  now 
apparent  that  closure  does  not  provide  the  entire  solution  (although 
uncertainties  in  experimental  measurement  make  this  question  difficult  to 
resolve).  There  is  now  considerable  evidence  that,  addi tional ly,  such 
flaws  are  impeded  locally  by  grain  boundaries,89  influenced  by  non- 
uniform  growth,*9  and  may  experience  higher  cyclic  plastic  strains  at 
their  tips.54  Finally,  differences  in  local  crack  tip  environment  with 
crack  size  provide  the  source  of  the  chemically-short  effect, 15,28»9®  as 
described  in  Section  9.5. 

9.5  Environmental  Effects 

One  of  the  most  complex  issues  involved  in  the  small  crack  problem 
is  associated  with  (liquid)  environmental  effects.  15,20,90  The 
chemically-short  crack  may  propagate  1.5  to  several  hundred  times  faster 
than  long  cracks  subjected  to  the  same  mechanical  driving  force. 
Moreover,  it  may  be  somewhat  larger  than  the  microstructural ly-  or 


mechanical ly-short  flaw,  as  short  crack  behavior  has  been  reported  for 
crack  sizes  upwards  of  ^  10  mm.  (Precise  statement  of  the  size  range  for 
chemically-short  cracks  cannot  be  defined;  it  depends  upon  several 
factors  and  is  principally  controlled  by  frequency  and  reaction 
kinetics.)  The  discrepancy  in  behavior  is  attributed  to  differences  in 
local  crack  tip  chemical  environment  and  condi tions.^ »20,90  The 
cri ti cal  issues  thus  pertain  to  the  determination  of  crack  tip 
conditions,  as  a  function  of  crack  length,  in  terms  of  the  coupled 
processes  of  fluid  transport  and  chemi cal /el ectrochemi cal  reactions 
within  the  crack,  and  the  determination  of  the  origin  of  the 
envi ronmental ly-enhanced  cracking  rates  in  relation  to  the  hydrogen 
embrittlement  and  film  rupture/dissolution  mechanisms. 

9.6  "Driving  Force"  for  SmII  Crack  Propagation 

Several  authors  (e.g.,  refs.  7,19,28,49,90)  have  sought  improved 
field  characterizing  parameters  to  describe  the  driving  force  for  small 
crack  advance  (Table  9.1).  Although  parameters  such  as  A o  and  Aep  have 
been  suggested,^1  only  those  parameters  that  can  be  measured  globally, 
yet  define  (at  least  nominally)  local  conditions,  are  reviewed  here.  For 
mechani cal ly- smal 1  cracks,  where  the  extent  of  local  plasticity  is 
comparable  with  crack  size,  elastic-plastic  fracture  mechanics  solutions 
have  been  proposed  through  the  use  of  AJ^  and  AS.®*  While  certainly 
appropriate  for  taking  account  of  excessive  plasticity  ahead  of  the  tip. 
It  should  be  noted  that  J  is  a  nonlinear  elastic  parameter,  and  thus 
cannot  account  for  the  vital  influence  of  wake  plasticity  (prior  plastic) 
zones  behind  the  tip.  Similarly,  the  use  of  AS  cannot  account  for  the 
varying  contribution  from  wake-related  crack  tip  shielding.  To  allow  for 
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such  wake  effects,  which  principally  cause  crack  closure,  the  adoption  of 
a  closure-corrected  appears  to  be  a  suitable  approach  for 

physically-small  cracks^®*^  and  cracks  emanating  from  notches.*'*  For 
microstructurally-small  flaws,  however,  such  deterministic  treatments  may 
simply  not  apply,  as  initial  cracking  may  center  on  local  preferential 
growth  sites  ("soft  spots")  in  the  mi crostructure.^  Here  a 
probabilistic  approach  may  be  the  optimum  treatment  to  describe  the 
behavior  of  such  tiny  flaws. 

9.7  Intrinsic  Thresholds 

There  is  now  good  evidence  that  intrinsic  threshold  cyclic  stress 
intensities  may  exist  for  long  fatigue  cracks.  By  subtracting  out  the 
contribution  from  crack  closure  through  the  use  of  the  AKeff  parameter, 
threshold  values  at  low  load  ratios  approach  those  at  high  load  ratios 
where  closure  effects  are  minimal  (e.g.,  refs.  16,28).  Similarly, 
intrinsic  thresholds  may  exist  for  physically-  and  mechanical  ly-short 
cracks,  of  magnitude  comparable  with  the  effective  long  crack 
value. 28,49,61  por  microstructurally-small  cracks,  however,  the  question 
of  an  intrinsic  threshold  may  not  be  meaningful.  Here  the  "fatal"  flaws 
are  the  ones  that  initiate  first  at  local  weak  areas  in  the 
mi crostructure.  As  their  dimensions  are  well  below  any  continuum 
approximation,  characterization  in  terms  of  a  material  parameter  clearly 
would  be  inappropriate.  Further,  in  light  of  evidence^  suggesting  the 
invalidity  of  AK  within  this  flaw  size  regime,  it  may  be  more  appropriate 
to  consider  a  threshold  stress,  rather  than  a  stress  intensity,  for 
microstructurally-small  flaws  (i.e.,  akin  to  the  fatigue  limit). 


9.8  Swll  Crack  Methodology  in  Life  Prediction  and  Design 


For  physically-  or  mechanically-smal 1  cracks,  the  adoption  of  small 
crack  methodology  in  life  prediction  analyses  would  appear  to  be  feasible 
by  mere  extension  of  the  current  damage- tolerant  procedures  to  smaller 
crack  sizes  through  the  use  of  AKeff,  or  an  equivalent  elastic-plastic 
characterizing  parameter.  Such  an  approach  would  greatly  enhance 
projected  lifetimes,  as  computations  are  dominated  by  the  regimes  where 
the  crack  is  small  and  advancing  slowly.  Conversely,  for  the  reasons 
outlined  above,  descriptions  of  the  extension  of  microstructural ly-small 
flaws  will  not  be  generally  amenable  to  deterministic  analyses  which  rely 
on  (continuum)  material  parameters,  and  should  be  treated  with 
probabilistic  approaches. 

9.9  Saall  Crack  Considerations  in  Alloy  Design 

From  an  alloy  design  perspective,  the  study  of  small  cracks  and 
associated  long  crack  thresholds  has  resulted  in  a  far  clearer 
understanding  of  the  various  contributions  to  fatigue  resistance. 
Moreover,  it  has  led  to  the  realization  that  microstructural  features 
which  benefit  resistance  to  the  growth  of  (long)  cracks  may  have  an 
entirely  different  influence  on  crack  initiation  and  small  crack  growth. 
To  impede  long  crack  growth,  the  primary  mechanisms  are  extrinsic, 
whereby  mechanical,  microstructural ,  and  even  environmental  mechanisms 
are  utilized  to  reduce  locally  the  crack  driving  forced®  Here, 
promotion  of  crack  tip  shielding,  principally  through  crack  closure  and 
deflection,  provides  the  most  potent  effect  under  cyclic  loading. 
Conversely,  to  impede  crack  initiation  and  the  early  growth  of 
microstructural ly-small  cracks,  where  shielding  effects  are  minimized, 
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the  primary  mechanisms  are  intrinsic.  For  example,  fine  grain  sizes 
offer  best  resistance  to  crack  initiation  and  small  crack  growth  in  many 
alloys  (e.g.,  ref.  61),  yet  in  these  same  materials  it  is  the  coarse 
grain  structures  which  promote  the  roughest  crack  paths  and  hence  provide 
greatest  resistance  to  long  crack  growth  (through  crack  deflection  and 
roughness-induced  closure)  (e.g.,  ref.  45). 

In  essence,  the  ideal  alloy  design  approach  is  to  clean-up  the 
material  for  optimum  resistance  to  crack  initiation,  incorporate  small, 
randomly  oriented  grains  to  inhibit  small  crack  growth,  and  then  to  add 
microstructural  "crack  stoppers"  through  shielding  mechanisms  to  impede 
long  crack  growth.  It  may  also  be  possible  to  minimize  the  small  crack 
problem  by  incorporating  texture,  so  that  as  few  grains  as  possible  are 
oriented  for  easy  crack  extension  relative  to  a  known  uniaxial  loading 
axis. 

9.10  Conclusions 

1.  Small  fatigue  cracks  can  be  characterized  as  mechanical ly-smal 1 
(comparable  with  the  extent  of  local  plasticity),  microstructural ly-smal 1 
(comparable  with  the  scale  of  microstructure),  physical  ly-smal  1 
(typically  less  than  1  mm  in  size),  or  chemically-small.  Their  common 
property  is  that  they  can  propagate  at  rates  which  differ  from,  and 
generally  exceed,  those  of  long  cracks  at  the  same  nominal  stress 
intensity  factor,  leading  to  potentially  non-conservative  damage-tolerant 
lifetime  predictions. 

2.  The  primary  factors  responsible  for  differences  in  behavior 
between  long  and  mechanically-  and  phys i ca 1 1 y- sma  1 1  flaws  are, 
respecti vely,  extensive  plasticity  ahead  of  the  tip,  and  crack  tip 
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shielding  from  crack  closure  behind  the  tip.  Such  differences  may  be  in 
part  normalized  through  characterization  in  terms  of  AKeff,  or  an 
equivalent  elastic-plastic  field  parameter. 

3.  The  behavior  of  microstructural ly-small  flaws  differs  from  long 
cracks  because  of  several  factors,  including  excess  crack  tip  plasticity, 
crack  closure,  crack  shape  and  deflection,  retardation  at  grain 
boundaries,  and  enhanced  crack  tip  plastic  strains.  Such  flaws  may  not 
be  amenable  to  characterization  in  terms  of  a  global  field  parameter,  as 
their  dimensions  lie  below  continuum  size-scales. 

4.  Approaches  to  apply  small  crack  methodology  to  fatigue  life 
prediction  are  suggested  in  terms  of  i)  the  use  of  AKefrf,  or  equivalent 
elastic-plastic  parameter,  to  extend  damage- tolerant  procedures  into  the 
physical ly-smal  1  crack  regime,  and  ii)  probabilistic  analyses  of  the 
initiation  and  early  growth  of  microstructural ly-smal 1  flaws. 

5.  In  life  prediction,  the  concern  is  with  predicting  the  growth  of 
the  most  rapidly  growing,  ultimately  fatal,  small  crack.  To  design 
alloys  which  are  resistant  to  such  behavior,  the  approach  must  be  to 
eliminate  such  maverick  flaws,  by  creating  microstructures  to  arrest  the 
microstructurally-small  cracks  which  are  able  to  nucleate.  Thus,  for 
optimum  fatigue  resistance,  the  approach  may  involve  using  clean 
materials  to  inhibit  crack  initiation,  small  randomly  oriented  grains  to 
inhibit  small  crack  growth,  and  employing  crack  tip  shielding  (i.e., 
microstructural  "crack  stoppers")  to  impede  the  growth  of  long  cracks. 
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Propagation  of  short  fatigue  cracks 

S.  Suresh  and  R.  0.  Ritchie 


Fatigue  crack  propagation  in  engineering 
materials  has  been  the  subject  of  consider¬ 
able  research,  and  extensive  review  articles 
have  appeared  over  the  past  several  years. 
Most  of  these  investigations  focused  on  the 
behaviour  of  long’  fatigue  cracks,  even 
though  the  characteristics  associated  with 
the  extension  of  small  cracks  in  metals  and 
alloys  remain  relatively  unexplored,  despite 
their  unquestionable  importance  from  an 
engineering  standpoint.  In  this  review,  the 
mechanics  and  micromechanisms  of  the 
subcritical  growth  of  short  fatigue  cracks 
are  examined,  and  aspects  of  their  propaga¬ 
tion  behaviour  are  contrasted  with  those  of 
long  cracks  in  terms  of  fracture  mechanics, 
microstructure,  and  environment.  Cracks  are 
defined  as  being  short  (i)  when  their  length 
is  small  compared  to  relevant  microstruc- 
tural  dimensions  (a  continuum  mechanics 
limitation),  (ii)  when  their  length  is  small 
compared  to  the  scale  of  local  plasticity  (a 
linear  elastic  fracture  mechanics  limitation), 
or  (iii)  when  they  are  simply  physically 
small  (e.g.  s  0.  5-1  mm).  Since  all  three 
types  of  short  flaw  are  known  to  propagate 
faster  than  (or  at  least  at  the  same  rate  as) 
corresponding  long  fatigue  cracks  subjected 
to  the  same  nominal  driving  force,  current 
defect  tolerant  fatigue  design  procedures 
which  utilize  long  crack  data  can.  in  certain 
applications,  result  in  overestimates  of  life¬ 
times.  The  characteristics  of  the  short  crack 
problem  are  critically  reviewed  in  the  light 
of  the  influences  of  local  plasticity,  micro¬ 
structure,  crack  tip  environment,  growth 
mechanisms,  crack  driving  force,  and  the 
premature  closure  of  the  crack.  IMR/137 
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LIST  OF  SYMBOLS 

a  =  crack  length 

au  =  intrinsic  crack  length,  i.t-.  constant 
characteristic  of  material  ir 
material  condition  in  express  n 
for  Ah'  'equation  .  24 

A«  =  increment  of  crack  extension 
d«  d.V  =  fatigue  crack  propagation  rate 

A  =  constant  in  cyclic  constitutive  I 

law  (Fig.  5) 

l)  =  sum  of  crack  length  a  and  blocked 
slip  band  zone  <  (,  -equations  14 
and  (19)) 

B  =  thickness  of  testpiece  'Fig.  11 

c  =  depth  of  edge  notch  or  half  length 
of  internal  notch 

c  =  half  width  of  surface  microcrack 

C  =  experimentally  determined  scaling 

constant  (equation  (2))  , 

< /  =  proportionality  factor  dependent  . 

on  yield  strain  t0  and  work  harden¬ 
ing  exponent  n  (equation  (13)) 

■/jj  =  grain  size 

J0  =  maximum  thickness  of  excess 
oxide  layer 

e  =  nominal  difference  in  crack  length 
between  fatigue  crack  of  length  u 
in  unnotched  specimen  and  equiva-  [ 

lent  fatigue  crack  of  length  /  grow¬ 
ing  from  notch 

£  =  elastic  (Young’s)  modulus 

£'  =  effective  value  of  Young's  modulus 

under  different  loading  conditions  1 

t  =  function  of  stress  intensity  factor 

range  AA  and  load  ratio  R  ' 

(equation  (15)) 

/jj  =  dimensionless  function  of  polar 

angle  d  measured  from  crack  plane 
(equation  (3)) 

r  jj  jj  =  universal  functions  of  both  polar 
angle  r  measured  from  crack 
plane  and  work  hardening  exponent 
n  (equation  (10)) 

(>  =  strain -energy  release  rate  \ 

) 

■I  -  scalar  amplitude  of  crack  tip  ' 

stress  and  strain  field  under  non¬ 
linear  elastic  conditions 

A-/  =  cyclic  component  of  / 

kf  -  fatigue  strength  reduction  fait  r  ' 

kt  -  theoretical  elastic  stress  cm-  i 

centration  factor  1 
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vt .  k  .  =  strain  and  stress  concentration 
factors 

/\ci  -  closure  stress  intensity'  factor 

A{P  =  critical  value  of  microscopic 

stress  intensity  at  tip  of  slip  band 

A  ]  stress  intensity  factor  in  mode  1 
loading 

A  jc  -  critical  stress  intensity  at  failure 
plane  strain  fracture  toughness) 

h'i\  -■  mode  II  value  of  microscopic 

stress  intensity  at  tip  of  slip  band 
(Fig.  1 7  i 

A I  =  limiting  stress  intensity  for  lone 
crack  emanating  from  notch 

•'max^'min  =  maximum  and  minimum  stresss 
intensities  during  cycle 

As  =  limiting  stress  intensity  for  short 
crack  emanating  from  notch 

Ath  =  threshold  stress  intensity  factor 

Au  =  long  crack  threshold  stress 
intensity  factor 

A  ,  ,Ai  =  local  mode  I  and  mode  II  stress 
intensity  factors  for  non-linear 
crack 

aA  =  nominal  stress  intensity  factor 
range  (A’m^  -  A  min) 

AA’eff  =  effective  stress  intensity  factor 
range  (A'max  -  Acl) 

AA'eq  =  equivalent  stress  intensity  range 
for  short  crack 

AA’j  -  initial  stress  intensity  range 

AA'th  =  threshold  stress  intensity  factor 
range 

AA  t  =  pseudo -elastic— plastic  strain 
intensity  range 

AA'q  =  long  crack  threshold  stress 
intensity  factor  range 

/  =  length  of  crack  growing  from  notch 

/  0  =  transition  size  of  crack  growing 
from  notch 

w  =  exponent  in  Paris  power  law 
(equation  (2)) 

'  =  exponent  in  power  law  for  elastic- 
plastic  fatigue  crack  growth 
(equation  (12)) 

»(,//'  =  monotonic  and  cyclic  work  harden¬ 
ing  exponents,  respectively 

.Y  .=  number  of  cycles 


<1  -  fraction  of  elastic  strain  with 
values  between  0.  5  ami  1 
(equation  (22,o 

V  =  dimensionless  function  of  n-.;.  tr-. 
(equation  1 8 n 

r  =  radial  distance  from  crack  tip 

*"max»  >a  =  maximum  and  cyclic  sizes  -f 
plastic  zone 

rv  =  size  of  plastic  zone 

=  cyclic  size  of  plastic  zone  at 
fatigue  limit 

R  -  load  or  stress  ratio  < A j,a jn  A.l;  1X 

Rt  =  ratio  of  minimum  to  maximum 
strain  (Fig.  24 1 

s  -  half  distance  between  locati  n.  f 
thickest  oxide  layer  ani  crack  rip 

S  =  compliance  of  microcrack  in 
completely  opened  state 

n  0  =  length  of  blocked  slip  band  z 

AH'e.  A  U  p  =  elastic  and  plastic  components  : 

of  strain -energy  density  range 

v  =  ratio  of  mode  II  to  mode  1  crack 
tip  displacements 

a  =  empirical  constant  in  Peterson 
(equation  (32)) 

j  =  constant  in  equation  (36’ 

>  =  non-dimensional  fracture  surface 
roughness  factor 

5,  if  -  crack  tip  opening  displacement 

6max,  A6  =  maximum  and  range  of  crack  tip 
opening  displacement 

6(amax>  =  crack  tip  opening  displacement  at 
maximum  stress 

5(0)  =  crack  tip  opening  displacement  at 
zero  load 

A6t  =  crack  tip  opening  displacement 
range 

t  =  local  strain 
ep  =  plastic  strain 
t0  =  yield  strain 
At  =  local  strain  range 
Ate,Atp  =  elastic  and  plastic  strain  ranges 

t>  =  polar  angle  measured  from  crack 
plane 

40,hi  =  angles  associated  with  crack 
deflection  (Fig.  31 1 


.Vj  =  number  of  cycles  necessary  to 
initiate  macrocrack 

\p  =  number  of  cycles  necessary  to 

propagate  macrocrack  subcriticallv 
until  failure 

/'cl  -  closure  load  during  fatigue  cycle 


v  =  Poisson  ratio 
p  =  notch  root  radius 
a  =  local  stress 
ox  -  nominal  stress 

jci,  Umax  -  closure  and  maximum  stresses 


^max*  ^min 


maximum  and  minimum  loads 
during  fatigue  cycle 


tensile  stress  correspond! 
fatigue  limit 
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V/  i't  'n  it 

o*r  =  normal  frictional  stress  for 
dislocation  motion 

jj,  =  local  crack  tip  stresses  dependent 
on  distance  from  crack  tip  and 
inclination  to  crack  plane 

-  threshold  stress  for  no  crack 
growth 

-  yield  -t  fl“W  stress 

-  local  stress  ranee 

A;''  -  nominal  stress  ranee 

Aje  fatigue  limit  or  endurance  strength 

A  -th  threshold  stress  ranee  for  no 
crack  growth 

rjr  -  shear  frictional  stress  for  disloca¬ 
tion  motion  i Fie:.  1 7 > 

Fatigue  fractures  account  for  the  vast  majority  of 
in-service  failures  in  most  eneineerine  structures 
and  components,  either  as  a  result  of  pure 
mechanical  loadine  or  in  conjunction  with  slidine 
and  friction  between  surfaces  (fretting  fatigue', 
rolline  contact  between  surfaces  (rolling  contact 
fatigue),  aggressive  environments  (environmentally 
assisted  or  corrosion  fatigue)  or  elevated  tem¬ 
peratures  icreep  fatigue).  Such  progressive 
fracture  of  materials  by  incipient  growth  of  flaws 
under  cyclically  varying  stresses,  termed  fatigue, 
can  be  categorized  into  the  following  discrete  yet 
related  phenomena: 

ii)  initial  cyclic  damage  in  the  form  of  cyclic 
hardening  or  softening 
lii)  creation  of  initial  microscopic  flaws 
(microcrack  initiation! 

(iii)  coalescence  of  these  microcracks  to  form  an 
initial  'fatal  flaw  (microcrack  growth) 

(ivi  subsequent  macroscopic  propagation  of  this 
flaw  (macrocrack  growth) 

(v)  final  catastrophic  failure  or  instability. 

In  engineering  terms  the  first  three  stages, 
involving  cvclic  deformation  and  microcrack 
initiation  and  growth,  are  generally  classified 
together  as  (macro-)  crack  initiation,  implying  the 
formation  of  an  'engineering  sized'  detectable 
crack  '.e.g.of  the  order  of  several  grain  diameters 
in  length'.  Thus,  in  such  terms,  the  total  fatigue 
life  .V  can  be  defined  as  the  number  of  cycles 
necessary  both  to  initiate  a  (macro-!  crack.  .Vj, 
and  to  propagate  it  subcritically  until  final  failure, 
■vp.  i.P. 

i  “  p . 1 1 1 

In  fatigue  design,  where  data  from  laboratory 
sized  specimens  are  used  to  predict  the  lifetime 
of  more  complex  components  in  service  'see  Fig.  1 
after  Ref.  1 ).  this  distinction  between  initiation  and 
propagation  lives  can  be  critical.  Conventional 
approaches  to  fatigue  design  involve  the  use  of 
o  .V  curves  (stress  /  .  number  of  cycles!,  repre¬ 
senting  the  total  life  resulting  from  a  given  stress 
(or  strain)  amplitude,  suitably  adjusted  to  take  into 
account  effects  of  mean  stress  (using,  for  example. 
Gorman  diagrams);  effective  strecc  concentrations 
at  notches  (using  fatigue  strength  .  'tion  factors 
or  local  strain  analysis);  variable  amplitude  loading 
(using  the  Palmeren-Miner  cumulative  damage  law 
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1  Schematic  diagram  showing  various  stages  of 
fatigue  in  engineering  components  and  typical 
laboratory  tests  to  evaluate  fatigue  life1 


or  rainflow  counting  methods);  multiaxial  stresses; 
environmental  effects;  and  so  forth  (for  a  summary. 
<ee  Ref.  2).  Although  based  on  total  life,  this 
approach  —  which  is  in  widespread  use.  particularly 
in  the  automotive  industry  —  essentially  represents 
design  against  crack  initiation,  since  near  the 
fatigue  limit,  especially  in  smooth  specimens,  m  s- 
of  the  lifetime  is  spent  in  the  formation  of  an 
engineering  sized  crack.  In  procedures  for 
predicting  lifetimes,  such  5— V  or  low  cycle  fatigue 
(LCF)  testing  might  simulate  the  initiation  and 
early  growth  of  the  fatigue  crack  within  the  fully 
plastic  region  of  the  strain  field  at  some  stress 
concentrator  ( see  Fig.  1). 

For  safety-critical  structures,  especially 
those  with  welded  and  riveted  components,  the 
approach  is  different.  There  has  been  a  gr  'w  ing 
awareness  that  the  presence  in  a  material  >i 
defects  below  a  certain  size  must  be  assumed  and 
taken  into  account  at  the  design  stage.  Under  such 
circumstances  the  integrity  of  a  structure  will 
depend  on  the  lifetime  spent  in  crack  propagation, 
and  since  the  crack  initiation  stage  will  be  short, 
the  use  of  conventional  S-.V  total  life  analyses  may 
lead  to  daneerous  overestimates  of  life.  Such 
considerations  have  led  to  the  adoption  of  the 
so-called  'defect  tolerant'  approach  in  which  the 
fatigue  lifetime  is  assessed  in  terms  of  the  time, 
or  number  of  cycles. necessary  to  propagate  the 
largest  undetected  crack  to  failure.3  Here  the 
initial  size  of  the  crack  is  estimated  using  non¬ 
destructive  evaluation  or  proof  tests,  whereas  the 
final  size  is  defined  in  terms  of  the  fracture 
toughness  Ku.  the  limit  load,  or  some  allowable 
strain  criterion.  This  approach,  the  onlv  one  used 
for  certain  applications  in  the  nuclear  and  aero¬ 
space  industries,  for  example,  relies  on  the 
integration  of  an  expression  for  crack  growth, 
representing  a  fracture  mechanics  characterization 
of  relevant  fatigue  crack  propagation  data  suitably 
modified  to  account  for  mean  stress  effects  i.e.g. 
using  the  Forman  equation),  variable  amplitude 
loading  (e.g. using  the  Wheeler  or  the  Willenborg 
model),  environmental  effects,  and  so  forth,  as 
required  (for  a  summary,  <<r  Ref.  4).  Such  expres¬ 
sions  are  generally  based  on  the  original  Paris 
power  law-  relationship,  i.e. are  if  the  form 

do  dV  _  t'AA'm  ....  .  2 

where  <_'  and  o>  are  experimentally  determined 
scaling  constants,  do  dV  is  the  cracK  gr  <wtr. 
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increment  per  cycle,  and  A K  is  the  alternating 
stress  intensity  factor  given  bv  the  difference 
between  the  maximum  and  minimum  stress  inten¬ 
sities  in  the  fatigue  cycle  (AK  =  Kmax  -  Km jn > . 3 
In  its  simplest  form  equation  (2)  provides  a 
reasonable  description  of  growth  rate  in  the  so- 
called  intermediate  range  of  growth  rates,  typically 
between  lO^and  10-3  mm  cycle.  However,  it 
underestimates  propagation  rates  of  higher  values 
of  aK.  as  final  instability  is  approached  (e.g.  as 
/'max  Ku  '-but  overestimates  propagation  rates 
at  lower  values  of  A K  approaching  the  so-called 
long  crack  fatigue  'hreshold  stress  intensity  range 
AA'0.  below  which  1  ng  cracks  remain  dormant  or 
grow  at  experimentally  undetectable  rates. 6  Since 
the  time  for  crack  initiation  is  generally  taken  to 
be  zero,  such  defect-tolerant  lifetime  predictions 
are  assumed  to  be  inherently  conservative  and 
to  simulate  the  macroscopic  growth  of  the  fatigue 
crack  |  mt  Fig.  1 1.  In  its  most  widely  used  form, 
that  based  on  linear  elastic  fracture  mechanics 
i  LEFM).  the  latter  approach  would  imply  crack 
growth  outside  the  notch  strain  field  where  the 
crack  tip  plastic  zone  is  small  compared  to  the 
crack  length,  i.e.that  a  long  crack  propagates 
under  nominally  elastic  conditions.3'6 

Current  practice  in  the  determination  of  the 
relevant  crack  growth  law*  for  a  particular 
material  under  a  particular  set  of  conditions  for 
a  given  application  is  to  use  data  from  laboratory 
tests  on  fatigue  crack  propagation,  characterized 
in  terms  of  the  linear  elastic  stress  intensity  range 
aA'.  However,  most  of  these  data  have  been 
obtained  from  testpieces  containing  cracks  of 
25  mm  or  so,  whereas  many  defects  encountered 
in  service  are  far  smaller  than  this,  particularly 
in  turbine  discs  and  blades,  for  example.  In  the 
relatively  few  cases  where  the  fatigue  behaviour  of 
such  short  cracks  has  been  studied  experimentally 
(for  earlier  reviews,  see  Refs.  7—12),  it  has  been 
found  -  almost  without  exception  —  that,  under  the 
same  nominal  driving  force,  the  growth  rates  of 
short  cracks  are  greater  than  (or  at  least  equal  to) 
the  corresponding  growth  rates  of  lone  cracks  'See 
Fig.  2).  This  implies  a  breakdown  in  the  similitude 
concept  generally  assumed  in  fracture  mechanics, 
as  described  in  the  section  'Similitude  concept' 
below.  Furthermore.it  suggests  that  the  use  of 
data  for  long  cracks  in  defect  tolerant  lifetime 
calculations  for  components  where  the  growth  of 
short  flaws  represents  a  large  proportion  of  the 
lifetime,  can  lead  to  considerable  overestimates. 

There  are  several  ways  of  defining  'short''' 
cracks: 

(i)  cracks  which  are  of  a  length  comparable  to  the 
scale  of  the  microstructure  (e.g.of  the  order 
of  the  grain  size) 

‘Although  often  termed  laws',  such  crack  growth 
relationships  are  invariably  totally  empirical  and 
are  derived  simply  by  fitting  mathematical  equa¬ 
tions.  of  the  form  of  equation  (2),  to  sets  of 
experimental  data. 

fA  distinction  is  sometimes  made  between  small 
cracks,  which  are  small  in  all  dimensions,  and 
short  cracks,  which  are  small  in  all  but  one 
dimension  (presumably  the  width) .  although  such 
definitions  are  not  considered  in  the  present 
review. 
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Typical  fatigue  crack  propagation  rates 
{da/dN)  for  long  and  short  cracks  as  function 
of  stress  intensity  factor  range  £J< 


(ii)  cracks  which  are  of  a  length  comparable  :  ■  the 
scale  of  local  plasticity  (e.g.  small  cracks 
embedded  in  the  plastic  zone  of  a  notch  nr  f 

a  length  comparable  with  thPir  own  crack  tip 
plastic  zones,  typically  •  10-2  mm  in  ultranigh 
strength  materials  and  f  0. 1  -1  mm  in  low- 
strength  materials) 

(iii)  cracks  which  are  simply  physically  small 
(e.g.  sO.  5—1  mm)  .1 

Most  investigations  to  date  have  focused  on  'he 
first  two  factors,  which  represent,  respectively,  a 
continuum  mechanics  limitation  and  an  LEFM 
limitation  to  current  analyses.  Here,  presumably 
with  an  appropriate  micro-  or  macro- mechanics 
characterization  of  crack  advance,  it  should  be 
possible  to  establish  a  correspondence  between 
data  for  the  growth  rates  of  long  and  short  cracks. 
However,  physically  short  flaws,  which  are  long' 
in  terms  of  continuum  mechanics  and  LEFM 
analyses,  have  also  been  shown  to  propagate  more 
quickly  than  corresponding  long  cracks  under  the 
same  nominal  driving  force  1 see  e.g.  Refs.  1 1  and 
12).  This  may  reflect  basic  differences  in  the 
physical  micro- mechanisms  associated  with  the 
extension  of  long  and  short  cracks.  Thus,  physically 
short  cracks  represent  a  limitation  in  the  simili¬ 
tude  concept  of  fracture  mechanics. 

In  this  article  is  presented  a  review  of  the 
experimental  results  that  have  been  obtained  and 
of  the  ways  in  which  the  growth  of  short  fatigue 
cracks  in  engineering  materials  has  been  inter¬ 
preted.  The  literature  on  'conventional'  crack 
initiation  and  'long'  crack  growth  is  examined  only 
briefly  since  these  are  topics  which  have  been 
given  ample  coverage  in  Refs. 4— 7.  However,  a 
concerted  effort  has  been  made  to  review  all  the 
currently  available  information  on  short  cracks. 
Since  this  is  a  rapidly  expanding  field  some 
references  may  have  inadvertantly  been  missed, 
and  the  authors  regret  any  such  omissions. 

tSuch  physically  small  flaws  are  sometimes 
referred  to  as  'chemically  small'  where  environ¬ 
mental  effects  are  dominant.1 1 
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Situations  in  which  short  and  lone  cracks  may  erow 
differently  are  discussed,  from  both  an  eneineerine 
and  a  mechanistic  viewpoint,  in  terms  of  (i) 
appropriate  fracture  mechanics  characterization 
and  iii)  the  physics  and  mechanisms  involved  in 
crack  advance.  In  the  former  case  the  short  crack 
problem  is  treated  principally  in  terms  of  elastic 
plastic  fracture  mechanics  iEPFM)  analyses  in 
which  the  effects  of  local  crack  tip  plasticity  and 
the  strain  fields  at  notches  are  taken  into  account, 
whereas  in  the  latter  case  differences  in  crack 
growth  behaviour  are  examined  in  terms  of  the 
role  of  crack  size  and  shape,  microstructure, 
environment,  and  mechanisms  for  crack  closure 
and  extension.  First,  though,  a  brief  summarv  is 
given  of  the  fracture  mechanics  procedures  used 
to  characterize  fatigue  crack  propagation  for  both 
lone  and  short  cracks. 


FRACTURE  MECHANICS  CHARACTERIZATION 
OF  FATIGUE  CRACK  GROWTH 

Linear  elastic  fracture  mechanics 

The  fracture  mechanics  approach  to  correlating 
cyclic  crack  advance  begins  with  characterizing 
the  local  stress  and  deformation  fields  at  the 
crack  tip.  This  is  achieved  principally  through 
asvmptotic  continuum  mechanics  analyses  where 
the  functional  form  of  the  local  singular  field  is 
determined  to  within  a  scalar  amplitude  factor 
whose  magnitude  is  calculated  from  a  complete 
analysis  of  the  applied  loading  and  geometry.  For 
the  linear  elastic  behaviour  of  a  nominallv 
stationary  crack  subjected  to  tensile  tmode  I) 
opening,  the  local  crack  tip  stresses  tjjj  can  be 
characterized  in  terms  of  the  Aj  singular 

field;  13. 11 
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where  A",  is  the  mode  I  stress  intensity  factor.  > 
the  distance  ahead  of  the  tip,  the  polar  angle 
measured  from  the  crack  plane,  and  >  jj  a  dimen¬ 
sionless  function  of  ~.  Similar  expressions  exist 
for  cracks  subjected  to  pure  shear  (mode  II)  and 
anti-plane  strain  (mode  TIT ) .  Provided  this 
asymptotic  field  can  be  considered  to  'dominate' 
the  vicinity  of  the  crack  tip,  over  a  region  which  is 
large  compared  to  the  scale  <it  microstructural 
deformation  and  fracture  events  involved,  the 
scalar  amplitude  factor  A.  can  be  considered  as  a 
single,  configuration  independent  parameter  which 
uniquely  and  autonomously  characterizes  the  local 
stress  field  ahead  of  a  linear  elastic  crack  and  can 
be  used  as  a  correlator  of  crack  extension. 


For  cracks  subjected  to  cyclically  varying 
loads. A,  must  be  defined  at  the  extremes  of  the 
cycle,  such  that  a  maximum  and  a  minimum  stress 
intensity  (K max  and  Am jn.  respectively!  for  a 
particular  crack  length  can  be  computed.  According 
to  the  original  analysis  bv  Paris  and  Erdogan.13 
the  crack  growth  increment  per  cvcle  in  fatigue. 
d<v  d.V.  can  be  described  in  terms  of  a  power  law- 
function  (equation  (2))  of  the  range  of  A,.  given  bv 
the  stress  intensity  range  AA.  It  is  important  to 


note  here  that  such  an  asvmptotic  continuum 
mechanics  characterization  does  not  require  a 
detailed  quantitative  knowledge  of  the  microscpic 
behaviour  of  individual  fracture  events,  and  thus 
the  analysis  is  independent  of  the  specific  micr  - 
mechanism  of  crack  advance. 

One  of  the  principal  limitations  of  this 
approach,  specifically  of  the  adoption  >f  A  as  a 
valid  description  of  the  crack  tip  field,  is  that  a 
state  of  small  scale  yielding  must  exist,  Fr  -m 
equation  ;3|  it  is  apparent  that  as  »■— 0.  stresses 
become  infinite  at  the  tip.  However,  in  reality  =uch 
stresses  are  limited  bv  local  crack  tip  yielding, 
which  occurs  over  a  region  ahead  of  the  crack  tip 
known  as  the  plastic  zone.  Calculations  of  »he 
extent  of  this  region  vary  according  t  .  the  m  do  i 
applied  loading  and  the  geometry  >f  the  b odv.  " 
but  a  rixigh  estimate  of  the  size  .  v  >f  the  pla~-ic 
zone  ahead  of  a  monotonical'v  1  -ad«  d  crack  i~ 
given  bv 

1  ,K,  >- 


where  70  is  the  yield  strength  of  the  material. 
Provided  this  extent  of  local  plasticity  i'  small 
compared  to  the  extent  of  the  A^-field.  which  w 
itself  small  compared  to  the  overall  dim.er.--i  v- 
the  body  (including  the  crack  leng'h1,  the  plastic 
zone  can  be  considered  as  merely  a  small  pertur¬ 
bation  in  the  linear  elastic  field,  and  the  A  -field 
can  be  assumed  to  dominate  the  region  ar  *ur.d  'he 
crack  tip.  This  situation,  known  as  small  scale 
yielding,  occurs  only  when  the  size  of  the  plastic 
zone  is  at  most  one -fifteenth  of  the  in -plane 
dimensions  of  the  crack  length  and  the  depth  t 
remaining  ligament. 

The  local  yielding  ahead  of  fatigue  crack'  :s 
made  somewhat  more  complex  by  reversed  plasti¬ 
city.  However,  following  the  analysis  bv  Rico  ;  "  t 
a  cyclically  stressed,  elastic -perfectly  plastic- 
solid,  plastic  superposition  of  loading  and  unloadir. 
stress  distributions  can  be  used  to  compute  the 
extent  of  the  plastic  zone  ahead  of  a  fatigue  crack. 
On  loading  to  Amax,  a  monotonic  or  maximum, 
plastic  zone  is  formed  at  the  crack  tip  of 
dimension  (from  equation  i4ii 


However,  on  unloading  from  A  ax  to  A =upe 
posing  an  elastic  unloading  distribution  of  nuxin 
extent  2',,  gives  rise  to  residual  entpresstve 
stresses  of  magnitude  in  a  region  ahead  >t  • 
crack  tip.  This  region  is  known  as  the  cyclic 
plastic  zone,  and  its  size  is  approximately  i 
quarter  of  the  size  of  the  nvmotonic  7  ,ne; 


where,  strictly  speaking.  is  now  the  cyclic  v>  ,d 
strength.  Once  again,  the  correlation  of  A  with 
crack  extension  bv  fatigue  will  be  a  valid  appr  ucl 
provided  small  scale  yielding  conditi- -tv-  apph  . 
namely  that  i  max  be  small  compared  ’  'h- 

in-plane  dimensions. 

The  numerical  values  .f  the  stn  s«-  n--". 

factors  at  the  crack  tip.  A, .  aA  .  and  -  ■  r..  «•  .t  •  •* 
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be  determined  from  the  asymptotic  analyses,  vet 
can  be  computed  from  the  overall  geometry  and 
applied  loading  conditions;  in  fact,  solutions  for 
A'j  applicable  to  a  wide  range  of  conditions  are  now- 
tabulated  in  handbooks.18--0  A  useful  example  of 
such  Kl  solutions  which  is  particularly  relevant  to 
the  short  crack  problem  is  that  of  a  crack  fof 
length  / 1  growing  from  a  notch  (of  length  2c)  - 
sec  Fig.  3,  Modelling  the  notch  as  a  circular  hole 
in  an  infinite  plate  under  a  remotely  applied 
tensile  stress  t*\  the  limiting  analytical  K{  solution 
for  a  short  crack  emanating  from  the  notch  is 
obtained  as 

As  =  1. 12Jtta  )V2 . ,7) 

where  kt  is  the  theoretical  elastic  stress  con¬ 
centration  factor  (equal  to  3  here)  and  1.12  is  the 
free  surface  correction  factor.  However,  when  the 
crack  becomes  long  the  limiting  stress  intensity 
is  obtained  bv  idealizing  the  geometry  so  that  the 
notch  becomes  part  of  a  long  crack  of  length 
n  -  c  *■  /.  such  that 

K\  =  Qo'  (,Tf/)0'2  .  (8) 

where  Q  is  a  dimensionless  function  of  geometry, 
such  as  a  correction  factor  to  allow  for  finite 
width.  The  numerically  determined  A't  solution  for 
any  crack  emanating  from  a  notch,  shown  by  the 
dashed  line  in  Fig.  3.  can  be  seen  to  be  given  by 
the  limiting  cases  of  short  and  long  cracks.  As 
shown  by  Dowling,21  the  transitional  crack  size 
/Q,  which  can  be  interpreted  as  the  extent  of  the 
local  notch  field,  can  then  be  obtained  by  combining 
equations  (7)  and  (8)  to  give 

l0  =  c/[(1.12*t/Q)2  +  M  ...  (9) 


i/c.  Crack  lenath  Fran  Centreline 
!  0  12  14  1.6 
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tic.  Crack  Length  Beyond  Notch 


3  Linear  elastic  solutions  for  crack  at  length 
J  emanating  from  circular  notch  of  radius  c 
in  an  infinite  plate  subjected  to  remotely 
applied  uniaxial  tensile  stress  a°°;  short 
crack  (KB)  and  long  crack  (A})  limiting 
solutions  and  numerical  solutions  are  shown21 


Values  of  /0  are  generally  a  small  fraction  of  the 
notch  root  radius  j.and  for  moderate  to  sharp 
notches  they  generally  fall  in  the  range  p  20  to 
o  4.  Dowling21  has  further  noted  that  k{u*  values 
only  20-30'.  above  j0  are  sufficient  to  generate  a 
notch  tip  plastic  zone  which  engulfs  the  small 
crack  region  lQ  and  thus,  for  small  cracks  at 
notches.  LEFM  analysis  will  often  be  suspect. 

Elastic— plastic  fracture  mechanics 

The  above  example  serves  to  illustrate  one  aspect 
of  the  short  crack  problem,  where  the  crack  length 
is  comparable  with  the  size  of  the  plastic  zone 
around  the  notch  tip.  A  similar  situation,  where 
small  scale  yielding  conditions  may  not  applv.  is 
when  the  plastic  zone  at  the  tip  of  the  fatigue 
crack  itself  is  comparable  with  the  crack  length, 
i.e.when  o-r%. .  Since  the  use  of  A,  singular  fields 
is  no  longer  appropriate  in  such  instances,  alterna  - 
tive  asymptotic  analyses  have  been  developed  to 
define  the  crack  tip  stress  and  strain  fields  in  the 
presence  of  more  extensive  local  plasticity  (for  a 
recent  review,  see  Ref.  22).  Based  on  the  deforma¬ 
tion  theory  of  plasticity  (i.e.  non-linear  elasticity  . 
the  asymptotic  form  of  these  local  fields  for  non¬ 
linear  elastic  power  hardening  solids  obeying  the 
constitutive  law  o  *  eg,  is  given  by  the  Hutchins  on 
Rice— Rosengren  (HRR)  singularity  as23-24 

lim  atjjlr,  ?)  -  (£'  Jtafar)n/<-n*l>  a0  f‘ij(-;,w)  i 

r~°  1  0 1 

lim  ejjir,  i)  -  lE'J/a$r)V(‘n~l>  fjj (-,«)  \ 

r—  o 

where  n  is  the  work  hardening  exponent.  F.'  the 
appropriate  elastic  modulus  (=  E  for  plane  stress 
or  E  (1  —  e2)  for  plane  strain),  and  and  to  are 
universal  functions  of  their  arguments  for  plane 
stress  and  plane  strain,  respectively .  The  ampli¬ 
tude  of  this  field  is  the  so-called  /-integral-5  and. 
analogous  to  A,.J  uniquely  and  autonomously- 
characterizes  the  crack  tip  field  under  elastic 
plastic  conditions,  provided  there  is  some  degree 
of  strain  hardening.  Further  more,  for  small  scale 
yielding  -J  can  be  directly  related  to  the  strain 
energy  release  rate  G,  and  hence  toAj.i.e. 

J  =  G  =  K'f  E'  (linear  elastic)  lit 

Despite  difficulties  in  establishing  the  precise 
meaning  of  J  as  applied  to  a  description  of  the 
growth  of  cyclically  stressed  (non-stationary) 
cracks,  Dowling26  and  Dowling  and  Begley27 
proposed  a  power  law  correlation  of  fatigue  crack 
growth  rates  under  elastic— plastic  conditions  to 
the  range  of  J,  i  ,e. 

drt/cLV  y  ±Jm' . 1 2 1 

Provided  such  analysis  is  fundamentally  justified, 
the  use  of  i/  does  present  a  first  approach  to 
characterizing  the  growth  of  short  cracks  which 
are  comparable  in  size  to  the  extent  of  local  yield¬ 
ing.  However,  as  mentioned  above,  the  validity  of 
the  A  J  approach  is  often  questioned  since  it 
appears  to  contradict  a  basic  assumption  in  the 
definition  of./  -  that  stress  is  proportional  to  the 
current  plastic  strain.25  This  follows  because  ( 
is  defined  from  the  deformation  theory  of  plastic1.: v. 
which  does  not  allow  for  the  elastic  unloading  and 
non-proportional  loading  effects  which  accompany 
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crack  advance.28  However,  by  recognizing  that 
constitutive  laws  for  cyclic  plasticity  (i.e.the 
cyclic  stress— strain  curve)  can  be  considered  in 
terms  of  stable  hysteresis  loops  a  id  that  such 
loops  can  be  mathematically  shifted  to  a  common 
origin  after  each  reversal,  the  criterion  of  stress 
being  proportional  to  current  plastic  strain  can 
effectively  be  satisfied  for  cyclic  loading.2--29 

An  alternative  treatment  of  elastic-plastic 
fatigue  crack  growth. which  is  not  subject  to  the 
restrictions  required  by  non-linear  elasticity,  is 
to  use  the  concept  of  crack  tip  opening  displace¬ 
ment  tCTODi.  From  equation  (10)  it  is  apparent 
that  the  opening  of  the  crack  faces  as  >'  —  0  varies 
as  rrV(n“1'  such  that  this  separation  can  be  used 
to  define  the  CTOD  (6t)  as  the  opening  where  45 
lines  emanating  back  from  the  crack  tip  intercept 
the  crack  faces.  Thus,  for  proportional  loading 

ot  =  d(t 0.ni  J  eg  (elastic— plastic)  i 

v  1 3 ) 

/>  A.2  ;0E’  (linear  elastic)  1 

where  I  is  a  proportionality  factor  having  a  value 
of  -  0.  3—1  depending  on  the  vield  strain  t0.  the 
work -hardening  exponent  n  ,  and  whether  plane 
stress  or  plane  strain  is  assumed.30  Since  6t. 
like  J.  can  be  taken  as  a  measure  of  the  intensity 
of  the  elastic-plastic  crack  tip  fields,  it  is  feasible 
to  correlate  rates  of  fatigue  crack  growth  to  the 
range  of  (5t.  i.e.the  cyclic  CTOD 

d a  d.Y  !  AS  (elastic-plastic)  , 

( 1 4 1 

df/  dV  -  aA2  2o0£'  (linear  elastic)  ‘ 

Approaches  based  on  -/  and  are  basically  equiva¬ 
lent  for  proportional  loading,  and  are  of  course 
valid  under  both  elastic— plastic  and  linear  elastic 
conditions.  Therefore,  they  are  generally  applica¬ 
ble  to  a  continuum  description  of  the  growth  rate 
behaviour  of  cracks  that  are  considered  small 
because  their  size  is  comparable  with  the  scale  of 
local  plasticity.  For  such  short  cracks  the  use  of 
EPFM  rather  than  LEFM  may  thus  be  expected,  at 
least  in  part,  to  normalize  differences  in  behaviour 
between  long  and  short  cracks.  However,  the  short 
crack  problem  is  not  simply  a  breakdown  in  the 
application  of  LEFM  since  the  use  of  elastic- 
plastic  analyses  cannot  totally  normalize 
differences  between  short  and  long  cracks. 

Although  elastic— plastic  analysis  is  certainly 
important,  differences  in  tie  behaviour  of  long  and 
short  cracks  can  also  be  attributed  to  micro- 
structural,  environmental,  and  closure  effects. 

Thus  the  short  crack  problem  relates  to  a  break¬ 
down,  not  simply  in  LEFM. but  in  the  fracture 
mechanics  similitude  concept. 

Similitude  concept 

The  application  of  fracture  mechanics  to  the 
propagation  of  fatigue  cracks  is  based  on  the 
premise  that  the  governing  parameter,  such  as  the 
stress  intensity  factor  K[  or  the  -/-integral,  used 
to  correlate  growth  rates  fully  describes  the 
stress  and  deformation  fields  in  the  vicinity  of  the 
crack  tip.  In  addition,  it  is  implicitly  assumed 
that  the  concept  of  similitude  < see  Fig. 4)  is  valid. 
This  concept  implies  that,  for  two  cracks  of 
different  sizes  subjected  to  the  same  stress 
intensity  (under  small  scale  yielding)  in  a  given 
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4  Schematic  representation  of  similitude  con¬ 
cept,  which  implies  that  cracks  of  differing 
length  a  subjected  to  same  nominal  driving 
force,  e.g.  A/f,  have  equal  plastic  zone  sizes 
Ty  ahead  of  crack  and  will  therefore  advance 
by  equal  increments  Aa  per  cycle 

material— microstructure— environment  sv stent, 
crack  tip  plastic  zones  are  equal  in  size  and  t be¬ 
st  ress  and  strain  distributions  along  the  borders 
of  these  zones  (ahead  of  the  cracki  are  identical. 
Accordingly,  equal  amounts  of  crack  extension 
Ac;  are  to  be  expected.  For  a  cyclic  load  denoted 
by  K max  and  A'mjn.  this  dictates  that 

A"  -  dr/  d.Y  =■  -  (A  max.  K min)  -  ' '  AA  .  R  •  15 

for  each  cycle,  where  the  stress  intensity 
range  AA  =  Amax  -  A'min  and  the  load  rati  t 
R  -  Amjn  Amax.  However,  this  c  incept  of  simili¬ 
tude  cannot  be  applied  when 

(i)  crack  sizes  approach  the  local  microstrueiur.il 
dimensions 

tii)  crack  sizes  are  comparable  with  the  extent  if 
local  plasticity  for  non- stationary  flaws 

(iii)  through  thickness,  out  of  plane  stresses 
(which  are  independent  of  A't I  arp  different 

(iv)  crack  extension  mechanisms  are  different 

(v)  extensive  fatigue  crack  closure  is  observed 

(vi)  external  environments  significantly  influence 
crack  growth. 

to  name  but  a  few  instances. '•  o. 1 2.3 1 .32  Most  of 
these  mechanisms  are  specific  to  the  short  cracx 
problem  and  thus  contribute  to  differences  in  the 
growth  rate  behaviour  of  long  and  short  cracks  at 
nominally  identical  driving  forces.  They  are 
discussed  below  in  terms  of  local  plasticity,  and 
microstructural  and  environmental  factors.  In 
general,  however,  their  effect  on  the  breakdown  >t 
the  similitude  concept  for  short  cracks  is  that  they 
influence  (to  varying  degrees  according  to  the 
crack  length,  for  example)  the  local  driving  force 
(i.e.  the  characterizing  parameter  A.  or  •/ 
effectively  experienced  in  the  region  near  the  tip  . 

It  is  this  'near  tip'  parameter  that  governs  cracK 
advance,  not  the  nominal'  global  value  of  this 
parameter  computed  by  conventional  analyses  of 
externally  applied  loads  and  measurements  of 
macroscopic  crack  lengths.  In  only  a  few  instances 
have  the  relationships  between  the  near  tip'  and 
the  'nominal'  driving  forces  been  quantified, 
indicating  that  the  methodology  for  a  global  fracture 
mechanics  analysis  of  short  crack  growth  has  yet 
to  be  developed. 

EXPERIMENTAL  TECHNIQUES 

In  the  experimental  measurement  of  the  pr-pagu- 
tion  and  threshold  behaviour  of  small  fatigue 
cracks,  many  complex  problems  associated  with 
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reproducibility  and  scatter  can  be  encountered. 
This  is  particularly  true  since  most  of  the 
approaches  used  so  far  have  involved  adapting 
procedures  originally  designed  for  measuring  long 
cracks. 

Several  experimental  techniques  are  available 
for  monitoring  the  growth  rates  of  long  fatigue 
cracks  k(v  e.g.  Refs.  33— 35).  including 

li)  optical  techniques  (i.e.with  the  naked  eve  or 
travelling  microscopes,  or  using  high  speed 
cameras) 

(ii)  methods  based  on  measuring  electrical  resis¬ 
tance  or  potential  using  either  dc  or  ac 
currents 

(iii)  compliance  techniques  using  mouth  opening 
(clip)  or  back-face  strain  gauges 

(iv)  acoustic  emission 
( v  i  ultrasonics 

ivi)  eddy  current  methods. 

the  first  three  being  the  most  widely  used.  For 
long  cracks,  growth  rates  above  10"°  mm/ cycle 
are  generally  measured  by  utilizing  using  such 
techniques  at  constant  cyclic  load  levels  (i.e. 
increasing  aK  with  increasing  crack  length).34 
At  levels  near  the  threshold,  on  the  other  hand, 
crack  growth  rates  (d«/<±\'£.  10"®  mm  cycle)  and 
threshold  aA'0  values  for  long  cracks  are  normally 
measured  using  the  so-called  Toad  shedding' 
(decreasing  aA)  method  (see  e.g.  Ref. 6).  This 
procedure  involves  making  continual  reductions 
in  aA  (starting  from  an  intermediate  value)  of  not 
more  than  10%.  At  each  AA  level,  the  crack  is 
then  allowed  to  propagate  over  a  distance  at 
least  four  times  the  size  of  the  maximum  plastic 
zone  generated  at  the  previous  higher  aA  level. 
This  load  reduction  scheme  is  repeated  until  the 
threshold  A A0  for  no  detectable  (long)  crack 
advance  is  reached.  Such  procedures,6  typically 
used  to  monitor  the  growth  and  arrest  of  long 
fatigue  cracks,  pose  extreme  difficulties  when 
adopted  for  measuring  short  cracks.  Firstly,  one 
faces  the  problem  of  estimating  the  depth  of  a 
short  crack,  emanating  from  a  surface,  from  its 
width.  This  requires  an  empirical  calibration 
and/or  an  educated  guess.  Also,  with  load  shedding 
procedures  used  near  the  threshold,  the  crack  is 
continually  growing  and  so  may  cease  to  be  short' 
by  the  time  the  threshold  is  reached.  Moreover, 
the  initiation  stage  of  a  'major'  short  crack  may 
involve  the  linking  up  of  several  flaws  (e.g. from 
cracked  inclusions)  at  different  locations.  While 
low  magnification  optical  techniques  are  not  parti¬ 
cularly  suited  to  detecting  the  presence  and 
monitoring  the  growth  of  short  cracks  during  a 
fatigue  test,  other  methods  such  as  the  potential, 
resistance,  or  compliance  teachniques  may  not 
have  the  required  resolution  and  reproducbility  to 
enable  the  growth  of  (part  through)  short  cracks 
of  complex  geometry  to  be  characterized.  In 
addition  to  the  difficulties  associated  with  the 
limitations  of  the  crack  monitoring  device,  the 
growth  of  a  short  crack  can  be  a  strong  function 
of  local  microstructural  characteristics  and 
environment  (see  e.g. Refs. 7— 12).  This  aspect  of 
short  crack  advance  can  also  lead  to  poor 
reproducibility. 

Since  load  shedding  procedures  are  often 
difficult  to  apply,  there  is  always  the  question  of 


whether  short  crack  behaviour  should  be  studied 
using  an  artificial  or  a  natural  crack.  It  is  parti¬ 
cularly  difficult  to  create  an  artificial  notch 
without  damaging  the  material  immediately  ahead 
of  it,  yet  this  is  essential  since  it  is  this  region  in 
which  short  crack  growth  must  be  studied.  The 
areas  around  machined  notches  contain  residua! 
stresses,  whereas  notches  or  starter  cracks 
introduced  by  electro-discharge  machining  have  a 
locally  melted  zone  at  their  tip.  Subsequent 
annealing  cannot  be  guaranteed  to  remove  such 
damage  without  drastically  changing  the  micro¬ 
structure  under  test.  As  discussed  below,  there 
are  procedures  in  which  a  long  crack  is  grown  and 
material  in  its  wake  is  then  machined  off  to  leave 
a  short  crack.  Reproducibility  is  a  major  problem 
here,  as  is  crack  shape,  since  any  amount  of  non¬ 
uniformity  or  'bowing'  in  the  original  long  crack 
will  introduce  irregular  short  cracks.  However, 
one  very  successful  method  for  rapidly  initiating 
short  cracks  without  causing  significant  damage, 
but  only  for  aluminium  alloys,  has  been  to  embrittle 
the  sample  surface  before  fatigue  using  small  dr  tps 
of  ink  at  well  separated  locations.36  Although  the 
precise  mechanism  (involving  some  environmentally 
influenced  fatigue  process)  is  unknown,  short  cracks 
have  been  found  to  initiate  extremely  rapidly. 

Initiation  anri  growth  measurements  of  short  cracks 

Optical  techniques 

Crack  monitoring  techniques  using  visual  metlvxis 
have  probably  been  the  most  widely  used  procedures 
to  date.  For  example,  using  procedures  first 
adopted  by  Barsom  and  McNicol37  for  studying 
crack  initiation.  Fine  and  co-workers38-39  have 
used  a  metallurgical  microscope  with  a  long 
working  distance  for  visual  and  photographic 
observations  of  crack  initiation  and  microcrack 
growth  in  wide,  single  edge  notch  (SEN)  samples 
of  steels  and  aluminium  alloys.  The  microscope 
was  mounted  on  an  r— ■ \  micrometer  base  for 
positioning  and  measuring  crack  length.  A  camera 
attachment  was  available  for  photographically 
recording  the  progressive  changes  in  the  surface 
of  specimens  subjected  to  cyclic  loading. 

Morris  and  co-workers40"  49  used  tapered 
flexural  and  hourglass  shaped  fatigue  samples  to 
monitor  microcracks  in  aluminium  and  titanium 
alloys.  Cracks  were  initiated  on  the  surface  of  the 
specimen  using  various  techniques,  including 
making  starter  notches  and  marking  with  felt-tip 
pens.  Crack  propagation  rates  were  estimated  bv 
monitoring  crack  size  at  regular  intervals  bv 
transferring  the  specimen  to  a  scanning  electron 
microscope  (SEMI.  The  specimens  were  loaded 
in  the  SEM  to  estimate  the  microcrack  tip  openinc 
displacement  at  the  maximum  load.  For  example, 
an  empirical  calibration  equation  was  obtained  for 
2219  T851  aluminium  alloy  from  several  measure¬ 
ments  of  surface  microcracks  to  estimate  their 
depth  a  from  a  knowledge  of  their  width  2c. 

The  expression 

a  2c  ~  0.362  r  25.01(5(0^3x1  2c  0.  01 5 1 

. 16- 

was  obtained,'7  where  5(omaxi  is  the  CTOD  at  the 
maximum  stress.  omax. 
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Optical  techniques  have  also  been  used  to 
study  short  cracks  at  elevated  temperatures.  For 
example . Sheldon  et  al  ,so  designed  a  microscope 
with  a  lone  working  distance  to  monitor  in  situ  the 
growth  of  short  and  long  cracks  in  nickel -base 
superalloys  at  temperatures  as  high  as  650  C. 
Cracks  were  initiated  at  high  stress  intensities 
at  ambient  temperature,  whereupon  the  load  was 
successively  reduced  until  the  approximate  room 
temperature  long  crack  threshold  values  were 
reached.  Once  load  shedding  was  complete,  the 
specimen  was  machined  and  polished  to  a  configura¬ 
tion  such  that  a  crack  only  0,06—0. 16  mm  long  was 
left  in  the  test  panel.  The  cross-section  of  the 
specimen  was  a  parallelogram  containing  the  crack 
at  one  acute  corner.  Sheldon  et  at.  claimed  that 
the  taper  allows  the  location  of  the  crack  front  to 
be  defined  more  accurately,  and  that  the  crack  in 
the  taper  interacted  with  only  a  small  amount  of 
material  along  its  front.  This  was  considered  to  be 
representative  of  a  naturally  occurring  small 
crack. 

Replication  techniques 

One  of  the  most  widely  used  techniques  for  moni¬ 
toring  the  initiation  and  growth  of  small  flaws  has 
been  the  replication  method.  For  example. 
Dowling51-52  used  cellulose  acetate  surface 
replicas  for  measuring  the  growth  of  short  cracks 
during  low  cycle  fatigue  tests  on  smooth  axial 
specimens  of  A533B  steel.  Tests  were  interrupted 
periodically  for  replicating  with  ~0.1  mm  tape, 
softened  with  acetone  to  gain  an  impression  of  the 
specimen  surface.  The  propagation  rates  of  such 
surface  flaws  (of  length  0.25—1.75  mm)  were 
characterized  in  terms  of  EPFM,  specifically 
involving  AJ.  Procedures  for  calculating  J  from 
the  loading  portion  of  the  fatigue  cycle,  summarized 
in  Fig.  5,  involve  the  following  approximations:51 

(i)  surface  cracks  were  assumed  to  have  depth 
a  equal  to  half  their  surface  length  2c 


tii)  ranges  of  stress  and  plastic  strain,  obtained 
from  stable  cyclic  hysteresis  loops,  were 
used  to  quantify  A-/ 

(iii)  the  value  of  A J  for  such  semicircular  surface 
crack  geometries  was  given  by: 

A/  ^  3.2AlI'e«  -  5.0a»p(/  .  17 

where  All e  and  Alip  are  the  elastic  and  plastic 
components  of  the  remote  strain  energy 
density  ranges  >see  Fig.  5) 

(iv)  the  scaling  constants  in  equation  1 1 7 1 .  which 
incorporate  correction  factors  for  specimen 
geometry  and  flaw  shape,  were  deriyed  fr  >m 
equivalent  linear  elastic  solutions. 

tn  the  general  sense,  there  are  problems  with 
using  either  optical  or  replication  techniques  in 
that  they  are  difficult  to  apply  in  hostile  enyir  m- 
ments.  such  as  in  corrosiye  solutions  ir  at  elevated 
temperatures.  More  importantly,  they  give 
information  only  on  the  surface  length  if  the 
crack,  and  therefore  assumptions  must  be  made  it 
the  internal  profile  is  to  be  estimated. 

Electrical  potential  techniques 

Electrical  potential  techniques  have  also  been 
developed  for  studying  short  cracks.  Gangloff.f  r 
example. quantified  the  formation  and  subcritica! 
propagation  of  small  cracks  emanating  from 
artificial  surface  defects.1 1  • 53- 54  Flaws  were 
introduced  along  a  chord  of  an  hourglass  type 
(low  cycle  fatigue)  specimen  (at  the  minimum 
diameter)  by  either  conventional  grinding  or 
electrospark  discharge  machining.  The  crack 
depth  was  continuously  monitored  via  dc  electrical 
potential  measurements  and  an  analytical  calibra¬ 
tion  model,53  and  was  found  to  agree  reasonably 
well  with  the  corresponding  values  measured 
optically.  The  calibration  model  used  was  claimed 
to  account  for  crack  shape  as  well  as  variations  in 
depth  for  the  elliptical  surface  flaws  utilized  in  the 
experiments.  This  technique  is  particularly  suitable 


5  Procedure  for  estimating  £*J  from  stress— strain  hysteresis  loops  for  gTowth  of  small  cracks  during 
low  cycle  fatigue  of  smooth  axial  specimens51 
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for  physically  short  cracks,  I.e. those  0.5—1  mm 
lone,  and  so  has  been  effective  in  eainine  informa¬ 
tion  on  the  growth  of  short  fatieue  cracks  in 
hieher  strength  materials.  Furthermore,  since  it 
is  a  remote  monitoring  technique  it  can  be  applied 
even  in  aegressive  environments. 

Other  techniques 

Several  other  techniques  have  been  proposed  for 
the  detection  and  monitoring  of  small  flaws,  and 
many,  although  still  in  the  development  stage,  show- 
excellent  promise  for  obtaining  measurements  in 
the  micrometre— millimetre  range.  For  example. 
Nelson  and  co-workers55  have  utilized  a  method 
of  monitoring  surface  acoustic  waves  to  quantify 
the  depth  and  crack  closure  characteristics  of 
microscopic  surface  fatigue  cracks.  Using  acoustic 
measurements  of  the  reflection  coefficient  of 
Rayleigh  waves  incident  on  the  crack,  coupled  with 
optical  measurements  of  surface  crack  length, 
these  authors  were  able  to  claim  good  accuracy 
over  a  range  of  crack  aspect  ratios  for  depths 
between  50  and  150  u m  (Ref.  55).  Several  electro¬ 
chemical  methods  have  also  been  proposed  for  the 
early  detection  of  microscopic  fatigue  damage, 
notably  by  Baxter.56  Accuracies  of  tlO  *m  have 
been  reported  for  the  detection  of  small  fatigue 
cracks  in  both  steels  and  aluminium  alloys  through 
the  identification  of  locations  where  such  cracks 
rupture  the  surface  oxide  film.  Such  rupture  sites 
are  imaged  using  photoelectron  microscopy  and. 
more  recently,  by  measuring  the  re -anodization 
current  or  with  the  aid  of  a  gel  containing  iodine,56 

Measurements  of  short  crack  thresholds 

The  load  shedding  procedure  commonlv  used  to 
obtain  the  threshold  AK0  for  no  detectable  propaga¬ 
tion  of  long  cracks  is  not  readily  applicable  to 
short  cracks  (those  of  a  size  smaller  than  the  local 
plastic  zone  or  the  characteristic  microstructural 
dimension)  because  of  the  need  to  reduce  the  load 
to  threshold  levels  over  a  considerable  distance 
of  crack  growth.  However,  the  procedure  can  be 
used  for  physically  short  (0. 1—0.8  mm)  cracks  in 
ultrahigh  strength  materials  where  both  the  scale 
of  local  plasticity  and  the  grain  size  are  smaller 
than  the  crack  depth,  and  load  shedding  procedures 
can  be  sufficiently  rapid  to  enable  the  near¬ 
threshold  region  to  be  approached  over  small 
increments  of  crack  advance  (see  e.g.Ref.  57). 

Wiltshire  and  Knott58  used  two  different 
methods  to  obtain  short  'through-thickness'  and 
thumbnail'  cracks  in  a  study  of  the  effect  of  crack 
length  on  fracture  toughness.  Such  procedures 
seem  suitable  for  use  in  evaluating  growth  and 
thresholds  for  short  cracks.  For  through-thickness 
cracks  in  maraging  steels  a  long  crack  was  first 
produced  by  fatiguing  SEN  specimens  in  bending, 
as  shown  in  Fig.  6a,  with  the  sample  in  the  solution 
annealed  condition.  Short  through-thickness  cracks 
were  then  obtained  by  grinding  away  the  upper 
surface,  and  the  samples  were  subsequently  aged 
to  develop  full  strength.  Similar  procedures  were 
used  to  produce  short  'thumbnail'  cracks,  as  shown 
in  Fig.  66.  The  two  top  edges  of  a  bend  specimen 
were  machined  away  to  leave  a  ridge  along  the 
centre,  a  slot  was  introduced  in  the  ridge,  and  the 
specimen  was  fatigue  precracked  in  bending.  The 
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6  Ways  of  preparing  short  cracks58 

fatigue  crack  was  found  to  propagate  down  the 
ridge  as  a  straight  fronted  crack,  and  then  int  -in- 
bulk  of  the  specimen  with  a  semi-elliptical  crack 
front.  Its  depth  was  controlled  bv  stopping  the 
bending  after  it  had  spread  a  certain  distance 
across  the  prepolished  shctulders.  Finally,  the 
ridge  was  removed  to  leave  a  semi-elliptical 
surface  crack  in  the  remaining  rectangular  section. 

Such  procedures  have  been  used  to  produce 
through-thickness  and  part-through-thickness 
short  cracks  to  measure  the  thresholds  for  the 
arrest  of  short  cracks.59-6-  Usami  and  Shida.59 
for  example,  used  this  technique  to  measure  fatigue 
thresholds  in  a  range  of  steels  for  crack  sizes 
between  0.1  and  0.3  mm.  McCarver  and  Ritchie”1 
used  similar  procedures  to  monitor  the  thresh  fids 
for  physically  short  cracks  in  a  wrought  nickel- 
base  superalloy,  Rene  95.  In  both  these  investiga¬ 
tions  fatigue  precracking  was  performed  under  a 
far-field  .yclic  compressive  load  on  bend  speci¬ 
mens.  This  results  in  growth  and  arrest  of  the 
precrack  to  a  predictable  depth  w  hich  is  a  function 
of  the  size  of  the  plastic  zone  as  computed  from 
the  compressive  loads.  Such  compression  gives 
rise  to  residual  tensile  stresses  which  apparently 
act  as  the  driving  force  for  crack  growth.* 

Following  precracking  and  machining  awav  of 
most  of  the  crack,  the  samples  were  annealed  in 
an  attempt  to  minimize  possible  damage  in  the 
vicinity  of  the  short  crack  tip.  McCarver  and 
Ritchie60  subsequently  measured  short  crack 
thresholds  in  such  specimens,  using  a  procedure 
analogous  to  defining  a  fatigue  limit  in  unn  itched 
specimens.  Samples  were  cycled  at  different 
initial  stress  intensity  ranges  AA'j.and  the  sh  rt 
crack  threshold  defined  in  terms  of  the  largest 
value  of  aA’j  which  did  not  cause  failure  or  anv 

•Recent  studies  by  Suresh63  or  crack  initiation 
under  compression  in  a  wide  range  of  alloys  have 
revealed  that  cracks  arrest  at  a  length  appr  xi- 
mately  equal  to  the  cyclic  plastic  zone  size  in 
compression.  However,  at  high  cyclic  compressive 
loads  it  was  found  that  crack  arrest  can  >ccur  at 
critical  lengths  independent  of  applied  load, 
apparently  as  a  result  of  the  development  if 
closure  behind  the  crack  tip. 
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Variation  of  Initial  stress  intensity  aAj  with  number  N  of  cycles  to  failure  for  physically  short  cracks 
in  wrought  Renl  95  (o0  =  1400  MNm-2),  showing  definition  of  threshold  AITq,  for  0. 01—0. 2  mm  cracks, 
fatigue  tested  in  moist  air  at  25  Hz  and  R  =  0. 1  (Ref.  60) 


evidence  of  crack  growth)  in  108  cycles  ( see 
Fig.  7). 


Measurement  of  closure  of  short  cracks 

The  techniques  available  for  routine  monitoring  of 
the  premature  closure  of  long  fatigue  cracks 
generally  cannot  be  used  for  short  cracks  (whose 
growth  involves  considerable  geometrical  changes, 
and  whose  measurement  suffers  from  irreproduci- 
bility  and  scatter)  which  demand  far  superior 
resolution  in  measurements.  Closure  in  long 
fatigue  cracks  has  been  measured  using  optical 
techniques,  compliance  techniques,  methods 
involving  electrical  resistance  or  potential, 
acoustic  emission,  and  ultrasonics  ( see  e.g.Refs, 

33  and  34).  Most  of  these  techniques  do  not  seem 
suitable  for  use  with  short  cracks  because  of  their 
insufficient  resolution,  insensitivity  to  short  crack 
shape  and  geometry,  and  irreproducibility. 

Early  studies  of  crack  closure  for  short 
cracks  were  carried  out  by  Morris  and  Buck,41 
who  used  a  compliance  technique  to  determine  the 
closure  load  for  surface  microcracks  of  up  to  one 
grain  size  produced  in  triangular  specimens  of 
aluminium  alloys  subjected  to  fully  reversed 
loading.  Scanning  electron  microscopy  was  then 
used  to  measure  the  compliance  of  surface 
microcracks.  A  'home-made'  fixture  incorporated 
in  the  electron  microscope  was  utilized  to  apply 
known  loads  to  the  samples  in  situ.  High  resolu¬ 
tion  micrographs  of  the  crack  were  obtained  at 
different  load  (stress)  levels,  from  which  the  crack 
opening  6  was  estimated.  Figure  8  shows  a  typical 
compliance  curve  for  a  microcrack  obtained  for 
2219  T851  aluminium  alloy.  Morris  and  Buck 
defined  the  following  parameters  to  characterize 
crack  closure:  6(0),  the  crack  opening  displacement 
at  zero  load,  oci/omax,  the  closure  stress  ratio 


(taken  to  be  the  value  of  o/crmax  at  the  inflection 
point  in  the  stress— displacement  curve),  and 
S  =  A5/ A(o/ omax)  measured  for  a  >  oc j,  where  S  is 
a  measure  of  the  compliance  of  the  microcrack  in 
the  completely  opened  state. 

Compliance  techniques  were  also  used  by 
Tanaka  and  Nakai61-64  for  measuring  crack 
closure  levels  to  examine  the  growth  of  short 
cracks  emanating  from  notched  centre -cracked 
specimens  of  a  structural  low  carbon  steel.  Here, 
the  hysteresis  loop  of  load  t  .CTOD  at  the  centre 
of  the  crack  was  recorded  intermittently  during 
the  test,  and  the  point  of  crack  opening  was  deter¬ 
mined  as  the  inflection  point  of  compliance, 
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8  Typical  microcrack  compliance  curve  for 
2219  T851  aluminium  alloy,  6  is  opening 
across  microcrack,  and  o/amax  fraction  of 
maximum  load  applied  during  fatigue41 
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9  Appearance  of  typical  surface  microcrack 
initiated  at  /3-phase  (Cu2FeAl7)  intermetallic 
in  2219  T851  aluminium  alloy  fatigue  tested 
in  humid  air45 


magnified  by  a  circuit  subtracting  the  elastic 
compliance  from  the  loading  curve. 

Recently,  procedures  have  been  developed  to 
monitor  the  behaviour  of  short  fatigue  cracks, 
using  stereo-imaging  techniques  and  in  situ 
analyses  in  the  SEM.65-66  Such  methods  enable 
the  crack  opening  (mode  T)  and  sliding  (mode  TT) 
displacements  to  be  measured  directly  as  functions 
of  load  for  both  short  and  long  cracks  subjected 
to  cyclic  loads  within  the  electron  microscope. 


RESULTS  ON  GROWTH  OF  SHORT  FATIGUE 
CRACKS 

Microstructural  effects 

The  first  definition  of  a  short  fatigue  crack  ( see 
the  introductory  section)  refers  to  cracks  which 
are  of  a  size  comparable  to  the  scale  of  charac¬ 
teristic  microstructural  features.  Figure  9  shows 
a  micrograph  of  such  a  typical  surface  microcrack 
initiated  at  a  .'-phase  (Cu2FeAl7)  intermetallic  in 
2219  T851  aluminium  alloy,  taken  from  work  by 
Morris.'5  A  number  of  recent  experimental 
studies7-12-37-  '9.67--6  on  the  initiation  and 
growth  of  cracks  in  a  wide  range  of  materials 
have  revealed  that  such  short  cracks,  initiated 
near  regions  of  surface  roughening  caused  by  the 
to  and  fro  motion  of  dislocations  or  at  inclusions 
and  grain  boundaries,  propagate  at  rates  which  are 
different  from  those  of  equivalent  long  cracks  when 
characterized  in  terms  of  conventional  fracture 
mechanics  concepts.  For  example,  it  was  first 
shown  by  Pearson"8  that  in  precipitation  hardened 
aluminium  alloys,  cracks  of  a  size  comparable 
to  the  average  grain  diameter  grew  several  times 
as  quickly  as  long  cracks  at  nominally  identical 
alternating  stress  intensities  (Fig.  10).  Other 
studies  of  mild  steels69  (Fig.  11).  silicon  iron70 
(Fig.  12)  and  peak  aged  7075  aluminium  alloy71 
(Fig.  13).  for  example,  clearly  reveal  this  lack  of 
correspondence  between  data  for  long  and  for 
microscopically  short  cracks.  However,  the 
results  obtained  by  Lankford71-72  and 
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10  Difference  In  propagation  rates  da /AN  of 
fatigue  cracks  as  function  of  stress  intensity 
factor  range  AK  for  precipitation  hardened 
aluminium  alloys68 


11  Difference  in  propagation  rates  Aa/AN  of  short 
and  long  fatigue  cracks  as  function  of  stress 
Intensity  factor  range  aK  for  0.0357oC  mild 
steel  of  yield  strength  o0  =  242  MNm-2 
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12  Difference  in  propagation  rates  da/dV  of  short 
and  long  fatigue  cracks  as  function  of  stress 
intensity  factor  range  AK  for  3%Si  iron  erf 
yield  strength  a0  =  431  MNm-2  (Ref.  70) 
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13  Difference  in  propagation  rates  do/dN  of  short 
and  long  fatigue  cracks  as  function  of  stress 
intensity  factor  range  cJ (  for  peak  aged 
Al— Zn— Mg  alloy  (7075  T6)  of  yield  strength 
Oq  =  515  MNm-2  (Ref.  71) 


others39-49-69-70-73-74  have  shown  that  there  is 
generally  a  consistent  trend  to  this  variation 
between  growth  rates  for  long  and  short  cracks. 
This  trend  is  depicted  clearly  in  Fig.  14  for  7075  Tb 
aluminium  allov.  in  which  growth  rates  for  long  and 
for  microscopically  short  (i.e.of  a  size  comparable 
with  the  grain  diameter)  cracks  are  plotted  as  a 
function  of  the  linear  elastic  stress  intensity 
range.71  It  is  apparent  from  this  figure  that  the 
growth  rates  associated  with  the  short  cracks  are 
up  to  two  orders  of  magnitude  faster  than  those  >f 
the  long  cracks,  and  further  that  such  accelerated 
short  crack  advance  occurs  at  stress  intensity 
ranges  well  below  the  long  crack  fatigue  threshold 
stress  intensity  range  IAA'0).71  The  initially  higher 
growth  rates  of  the  short  cracks  can  be  seen  to 
decelerate  progressively  land  even  arrest  in 
certain  casesi  before  merging  with  the  long  crack 


data  at  stress  intensities  close  to  aA.  similar  to 


observations  reported  elsewhere  bv  Morris  and 
co-workers.43-16  Kung  and  Fine.39  Tanaka  and 
co-workers. 70-75-76  Taylor  and  Knott,73  and 
others.  The  progressively  decreasing  growth  rates 
of  the  short  cracks  below  the  long  crack  threshold 
is  intriguing  since  in  terms  of  conventional 
analyses  one  would  imagine  the  nominal  driving 
force  for  crack  advance  (e.g.  AA)  to  increase  with 
increasing  crack  length  (e.g.  as  given  by  equations 
(7)  and  (8)).  thereby  leading  to  progressively 
increasing  growth  rates.  However,  the  behaviour 
of  microscopically  short  cracks  has  been 
rationalized  in  terms  of  a  deceleration  of  growth 
as  a  result  of  crack  closure  and  through  inter¬ 
actions  with  microstructural  features  -  parti¬ 
cularly  grain  boundaries.1  2-42-4  7-69-  76  For 
example,  specific  observations  of  grain  boundaries 
impeding  the  growth  of  short  cracks  have  been 
reported  for  aluminium  alloys. 42-  46 • 71  • 73 
nickel-base  superalloys.50  tempered  martensitic 
high  strength  steels.77-78  and  lower  strength  mild 
steels.75-76  Using  arguments  based  on  micro¬ 
plasticity  and  crack  closure  effects.  Morris  and 
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14  Effect  of  grain  size  d„  on  growth  of  micro- 
structurally  short  and  long  cracks  in  7075  T6 
aluminium  alloy  o0  =  515  MNm-2;  micro- 
cracks  grow  below  long  crack  threshold 
AA0  and  show  growth  rate  minima  approxi¬ 
mately  where  crack  length  a  ~  (Ref.  71 ) 
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co-workers4 4-49  have  modelled  the  process  in 
terms  of  two  factors:  the  cessation  of  propagation 
into  a  neighbouring  grain  until  a  sizeable  plastic 
zone  is  established,  and  a  retardation  in  growth 
rates  caused  by  an  elevated  crack  closure  stress, 
T  tnaka  and  co-workers76- 79- 80  similarly  con¬ 
sidered  the  impeded  growth  of  microstructurallv 
short  cracks  in  terms  of  the  pinning  of  slip  bands, 
emanating  from  the  crack  tip,  bv  the  next  grain 
boundary.  The  results  obtained  by  Lankford71  and 
shown  in  Fig.  14  indicate  that  the  minimum  crack 


growth  rate  appears  to  correspond  to  a  cracs 
length  roughly  equal  to  the  smallest  grain  dimen¬ 
sion  (i.e.  a  ~-/ff ).  Furthermore,  the  depth  of  the 
deceleration  'well'  appears  to  be  determined  bv 
the  degree  of  microplasticity  involved  in  the  crack 
traversing  the  boundary.  For  example,  when  the 
orientation  between  the  grain  containing  the  crack 
and  the  neighbouring  grain  was  similar,  there  was 
little  deceleration  in  growth  rates  at  the  boundary. 
Thus  a  consensus  from  these  studies  is  that, 
despite  their  propagating  faster  than  long  cracks. 
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a  threshold  stress  AOth,  normalized  with  respect  to  smooth  bar  fatigue  limit  Ace;6  threshold  stress 
intensity  range  aA^.  normalized  with  respect  to  long  crack  threshold  aA'„ 

15  Variation  of  threshold  stress  and  stress  Intensity  with  crack  length  a,  normalized  with  respect  to 
intrinsic  crack  length  a0  =  (l/ir)(A/C0/Aoe)2  (Ref.  76) 
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short  cracks  are  apparently  impeded  by  the 
presence  of  strain  boundaries,  which  in  general 
would  be  unlikely  to  affect  significantly  the  local 
propagation  rates  of  long  cracks.  The  extent  of 
reductions  in  the  effective  driving  force  for  various 
degrees  of  such  short  crack  deflections  at  grain 
boundaries  has  recently  been  calculated  by 
Suresh.81  It  is  the  present  authors'  opinion  that 
the  interaction  of  short  cracks  with  microstructural 
features,  which  leads  to  the  apparent  progressive 
deceleration  of  short  cracks  below  the  value  of 
AA'0  for  long  cracks,  results  principally  from  crack 
deflection81  and  associated  crack  closure12-61 
mechanisms.  The  specific  evidence  for  this  is 
examined  in  the  'Discussion'  section  below. 

From  such  experimental  studies.it  is  readily 
apparent  that  threshold  stresses  (or  stress 
intensities)  associated  with  long  and  short  cracks 
are  likely  to  be  very  different.  Conventional 
fracture  mechanics  arguments  imply  that  the 
threshold  stress  intensity  range  (AKyj)  for  a 
particular  material  should  be  independent  of  crack 
length  (i.e.  A/Cy,  =  aA"0,  the  long  crack  threshold, 
is  constant).  Kitagawa  and  Takahashi,82  however, 
first  showed  that  below-  a  critical  crack  size  the 
threshold  A/Cy,  for  short  cracks  actually  decreased 
with  decreasing  crack  length,  where  the  threshold 
stress  Aoy,  approached  that  of  the  smooth  bar 
fatigue  limit  Aae  at  very  short  crack  lengths  (see 
e.g.  Fig.  15).  Typical  experimental  data  showing 
this  decay  in  the  threshold  stress  intensity  range 
AKth  at  short  crack  lengths  are  shown  in  Fig.  16. 
taken  from  the  results  obtained  by  Romaniv  et  al  69 
for  annealed  mild  steel,  0. 457»C  austenitic  steel, 
and  an  Al— Zn— Mg  alloy.  Several  workers  have 


a, mm 


16  Variation  of  threshold  stress  intensity  range 
AKy,  with  short  crack  length  a  In  G40. 11 
austenitic  0,45%C  steel,  o0  =  550  MNm-2, 
0.035°4,C  mild  steel,  o0  =  242  MNm-2,  and 
Al— Zn— Mg  alloy,  o0  =  180  MNm-2  (Ref.  69) 


claimed  that  the  critical  crack  size  *  below  which 
AA'th  1S  no  longer  constant  with  crack  size 
depends  on  microstructural  and  mechanical 
factors. 8-10,12. 47, 64  .69- 76 ,80-83  jt  has  even  been 
suggested,  for  example,  that  this  critical  crack 
length  above  which  LEFM  is  applicable  is  simple 
ten  times  the  characteristic  microstructural 
dimension.83  However,  from  continuum  mechanics 
arguments,  an  estimate  of  this  crack  size  can  tv 
obtained  in  terms  of  tl  oli Aoe>2.  with  h  th 
AA0  and  Aae  corrected  for  a  common  load  rati-  . 
Typical  values  of  this  dimension,  which  effectively 
represent  the  limiting  crack  size  for  valid  LEFM 
analysis  <see  the  section  'Fracture  mechanics 
characterization  of  fatigue  crack  growth'  above  . 
vary  from  1—10  -m  in  ultrahigh  strength  materials 
li.e.  70  2000  MNm-2)  to  0. 1  1  mm  in  low- 

strength  materials  (i.e.  ?b  200  MNm-2,'- 

From  such  experimental  results  it  is  general!-.- 
concluded  that  the  threshold  condition  for  no 
growth  for  long  cracks  is  one  of  a  constant  stress 
intensity,  i.e.  AA0.  whereas  the  threshold  conditi  <■.: 
for  short  cracks  is  one  of  a  constant  stress,  i.e. 
the  fatigue  limit  a-j6  or  the  endurance  strength. 

Such  a  premise  has  been  shown  to  be  consistent 
with  the  models  derived  bv  Tanaka  et  at .  *-  in.  waicn 
the  threshold  for  short  crack  propagation  is 
governed  by  whether  the  crack  tip  slip  bands  ar^ 
blocked,  or  can  traverse  the  grain  boundarv  t-  an 
adjacent  grain.  This  condition  governing  whether 
the  slip  band  is  blocked,  shown  in  Fig.  17  in  terms 
of  a  critical  value  of  the  microscopic  stress 
intensity  at  the  tip  of  the  band,  yields  expres¬ 
sions  for  the  fatigue  threshold  stress  and 
stress  intensity  Kth: 

KP  2  . 

°th  =  (-^72  *  -  o*r  cos-1(«,/»  .  .  ilHi 

*th  =  °th 

=  K P(a/f>  )u2 

e2(«, T)1/-Ofr  cos-1((/,  b)  _  .  09) 

Here,  for  a  slip  band  coplanar  to  the  crack  plane 
in  the  two  dimensional  model  shown  in  Fig.  17.  > 
is  the  crack  length  a  plus  the  width  n  0  of  the 
blocked  slip  band  zone,  and  ofr  is  the  frictional 


;a'  (b) 

17  Schematic  illustration  of  a  crack  tip  slip  band 
blocked  by  grain  boundary  and  b  coplanar  slip 
band  emanating  from  tip  d  isolated  crack76 
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18  Predicted  variation  of  threshold  stress  Aotf,  at  R  =  0  with  crack  length  a  based  on  data  for  300M 
ultrahigh  strength  steel  (silicon  modified  AIS1  4340),  oil  quenched  and  tempered  between  100  and 
650’C  to  vary  tensile  strength  (1186  to  2338  MNm-2)  (Ref.  6) 


stress  for  dislocation  motion  in  the  band.  The 
long  crack  threshold  stress  intensity  K0  thus 
follows  from  equation  (19)  bv  taking  the  limit  of 
Kth  when  'i  0'<  a.  i.e . 

K0  =  Ag1  -  2(2  -)L*of*r  «0A2  .  .  .  (20) 

whereas  the  short  crack  threshold  stress,  i.e.the 
fatigue  limit  ce.  follows  from  equation  (18)  at 
n  -  0.  i.e . 

-e  =  7f*r  -  W  ('"o)1/2  ■  •  •  •  (21) 

Since,  at  the  fatigue  limit,  the  slip  band  can  be 
considered  to  be  constrained  within  a  single  grain. 

< ,,  can  be  assumed  to  be  approximately  half  the 
grain  size  'ls.  The  interesting  aspect  of  the  blocked 
slip  band  model  is  the  prediction  (from  equations 
(20)  and  (21))  that  the  long  crack  threshold  A0 
increases  with  grain  size,  whereas  the  short  crack 
threshold,  or  fatigue  limit  ae,  decreases.76  Such 
predictions  are  borne  out  by  experiment  and 
highlight  the  fact  that  metallurgical  factors  which 
may  improve  resistance  to  the  growth  of  long 
cracks  (i.e.  raise  A Aq)  may  simultaneously  lower 
resistance  to  the  initiation  and  growth  of  small 


cracks  (i.e.  lower  Ane).77  This  effect  is  particular!-.’ 
pronounced  in  ferrous  alloys:  as  shown  in  Fig. 
increasing  the  tempering  temperature  to  d<  cr<  as. 
strength  level  in  an  ultrahigh  strength,  silicur. 
modified  4340  steel  (300M)  lowers  the  long  crack 
threshold  aA0,  yet  raises  the  fatigue  limit  A  -f, 

(Ref.  6).  A  second  example,  shown  in  Fig.  19.  is 
from  the  work  of  Usami  and  Shida.59  who  compared 
the  threshold  behaviour  as  a  function  of  surface 
roughness  (to  simulate  crack  size)  of  a  cast  iron 
( o0  —  113  MNm-2)  and  a  maraging  steel  (  v  -  1906 
MN'm-2).  It  is  quite  clear  from  this  work3-  that 
the  maraging  steel,  while  of  substantiallv  higher 
strength  and  having  a  far  superior  fatigue  resist¬ 
ance  at  short  crack  sizes  (below  0. 1  1  mm  .  is 
actually  inferior  to  cast  iron  from  the  viewpoint 
of  long  crack  threshold  behaviour. 

Local  plasticity  effects 

The  second  definition  of  a  short  crack  :s eg  the 
introductory  section)  refers  to  cracks  which  are 
of  a  size  comparable  to  the  scale  of  local 
plasticity,  such  as  the  crack  tip  plastic  zone 


io'4  icr3  icr2  io'1  i  10  io2 

Surface  Roughness, mm 


19  Comparison  of  threshold  behaviour  of  cast  iron,  o0  -  113  MNm-2.  and  maraging  steel,  o0  = 
1906  MNm-2, as  function  of  surface  roughness  (to  simulate  crack  size)59 
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generated  by  the  crack  itself  inear-tip  plasticity  i. 
or  the  strain  field  of  a  notch  or  a  larger  stress 
concentration  which  may  encompass  the  crack  in 
the  vicinity  of  the  notch  (notch  field  plasticity:. 
Each  of  these  two  local  plasticity  effects  is 
examined  below. 

Xeas--t!f>  < "rr's 

V'hile  elastic— plastic  fracture  mechanics  analyses 
seem  more  suited  to  the  characterization  of  short 
cracks  comparable  in  size  to  the  extent  of  self- 
induced  near-tip  plasticity,  a  comparison  of  their 
behavi'tur  with  equivalent  long  cracks  using  LEFM 
analyses  li.e.at  the  same  nominal  value  of  aA ; 
shows  that  the  short  cracks  grow  much  more 
quickly ,8-  1  °- 1 2 ■ 1  7-8 4  Part  of  the  reason  for  such 
apparently  anomalous  results  lies  not  in  any 
physical  difference  between  the  behaviour  of  long 
and  short  cracks,  but  with  the  inappropriate  use 
of  LEFM  analyses.  This  was  shown  particularly 
clearly  by  Dowling.51  who  monitored  the  growth  of 
small  surface  cracks  in  smooth  bar  specimens  of 
A533B  nuclear  pressure  vessel  steel  subjected  to 
fully  reversed  strain  cycling.  Bv  analysing  the 
growth  rates  dn  d.V  in  terms  of  AJ.  using  values 
of  J  computed  from  the  stress— strain  hysteresis 
loops  (described  by  equation  (17)  and  shown  in 
Fig.  5).  there  was  found  a  closer  correspondence 
between  the  behaviour  of  long  and  short  cracks 
(Fig.  20).  Analogous  approaches  to  the  short  crack 
problem  have  been  suggested  in  terms  of  AA'e .  the 
pseudo-elastic— plastic  strain  intensity  range. 85-87 
or  AAgq,  the  equivalent  stress  intensity  range,87 


20  Variation  of  fatigue  crack  growth  rates  do/ttV 
for  long  (a>  25  mm)  and  short  (oS.  0.18  mm) 
cracks  in  A533B  steel,  o0  =  480  MNm-2, 
under  plastic  loading;  data  analysed  in  terms 
of  AJ  (Ref.  51) 


given  in  terms  of  a  crack  length  .’.elastic  modulus 
A.  and  representative  strain  range  a<  as 

AA'<  -  Ati-f/l1--  -  '/  At  e  -  At  p!! -til -  22 

AA^q  =  QF  At  I  t«)l  -  ....  23 

where  At  is  the  sum  of  the  plastic  strain  rang*. 

At  p  plus  part  of  the  elastic  strain  oAt,,.  where 
0.  a  it  1.  and  Q  is  the  compliance  function  based 
m  the  equivalent  linear  elastic  K.  solution  f--r  the 
leading  geometry  in  question.  Recently.  Starkey  and 
Skelton*8  have  shown  that  the  A J  and  _Jy<q 
approaches  are  essentially  the  same  up  to  high 
plastic  strains,  and  good  correlations  have  been 
fiiund  between  data  for  long  and  short  cracks  at 
both  room  and  elevated  temperatures  bv  expressing 
the  crack  growth  data  in  terms  of  t  A A/  -  -  -  t 

A/\pq . 

Although  analyses  of  the  behaviour  of  short 
cracks  in  terms  of  elastic— plastic  constitutive 
laws  often  seem  necessary,  even  with  the  nr  re 
appropriate  characterization  afforded  bv  such 
fracture  mechanics,  it  is  still  often  apparent  that 
short  cracks  propagate  at  somewhat  faster  ran  - 
(Fig.  20: .  In  order  to  account  for  this  furth-  r 
'breakdown'  in  continuum  mechanics  characteriza¬ 
tion.  El  Haddad  and  co-workers9-8’-89-9'  hav- 
proposed  an  empirical  approach  based  on  tne 
notion  of  an  intrinsic  crack  length  parameter. 

These  authors  redefined  the  stress  intensity  fay  r 
in  terms  of  the  physical  crack  length  plus  •  -,  .  such 
that  the  stress  intensity  range  which  characterizes 
the  growth  of  fatigue  cracks,  independent  --f  era  ok 
length,  is  given  by  the  equation 

A K  =  Q£kOx  [n[fi  -  ...  24 

where  Q  is  the  usual  geometry  factor.81  The 
'material-dependent  constant'  <v0  was  estimated 
from  the  limiting  conditions  of  crack  length  where 
the  nominal  stress  A:'  approaches  the  fatigue 
limit  Acte  when  a  —  0  and  where  A K  -  AA,,.  i.e. 


The  value  of  the  intrinsic  crack  size  <.‘0  can  be 
seen  tube  equivalent  to  the  critical  crack  size 
above  which  aA^  becomes  constant  at  the  long 
crack  threshold  stress  intensity  AA,,  in  Figs.  15 
and  18.  In  other  words.  is  an  indication  ->f  the 
smallest  crack  size  that  can  be  characterized  at 
the  threshold  in  terms  of  LEFM.  This  intrinsic 
crack  size  approach  has  been  claimed  to  be  a 
special  case  of  Tanaka  and  co-workers'  blocked 
slip  band  model7’’  discussed  above,  where  the 
friction  stress  oj*r  in  equation  <20;  is  taken  to  in- 
zero.  Although  somewhat  physically  unrealistic, 
setting  ”f*r  -  O.A0  -  A'jp.and  in  equati  us 

( 1  81  and  ( 1 9 1  gives7’’ 


Kth  “ 


Kq  »'  2 

l"  *-  e-pi1  J 


which  are  identical  to  the  express;  ms  -i«  ri’.-  i 
El  Haddad  <•/  »/'  81  In  equations  2>i  ar-1  2“ 
essentiallv  a  fitting  parameter  that  repr-.dta-i  - 
the  variation  of  A-j^  with  crack  len.g'h  k:  •.<  -.  r 
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Fie.  18.  Furthermore,  by  recomputine  both  a J  and 
aA'  to  include  a0,  El  Haddad  et  at  91  have  reanalysed 
the  short  crack  data  obtained  by  Dowling31  'see 
Fie.  20)  and  claimed  a  closer  correspondence 
between  results  for  lone  and  short  cracks.  This 
intrinsic  or  'fictitious'  crack  size  approach  has 
also  been  used  to  characterize  a  short  crack 
emanatine  from  a  notch.64-91  as  discussed  in  the 
next  section. 

Althoueh  such  an  approach  is  successful  in 
explainine  differences  in  the  growth  rate  kinetics 
of  lone  and  short  cracks  obtained  from  conventional 
LEFM  analyses,  it  is  totally  empirical,  as  the 
physical  sienificance  of  the  parameter  n0  is  not 
understood;  neither  is  there  any  convincine 
correlation  between  o0  and  any  characteristic 
microstructural  dimension. 

A  somewhat  different  approach  to  rationalizing 
the  behaviour  of  lone  and  short  cracks,  specifically 
with  respect  to  the  threshold  condition,  was  adopted 
by  Usami  and  co-workers.59-92"94  To  replace  the 
notion  that  the  threshold  condition  is  one  of 
constant  stress  for  short  cracks,  but  one  of  a 
constant  stress  intensity  ranee  for  lone  cracks, 
these  authors  proposed  a  sinele  criterion  that  the 
cyclic  plastic  zone  dimension  (> '^)  at  the  fatieue 
limit  is  a  material  constant.59-92"94  They  used 
the  Duedale  solution  to  approximate  the  size  of 
this  plastic  zone  at  the  fatigue  limit  (>■_-/)  for 
R  s  0.  in  terms  of  the  yield  stress  o0  and  crack 
size  <7,  i.  e. 

rj  =  fl[sec(i7Aoth/4o0)  -  1]  .  .  (28) 

which  was  shown  to  reproduce  the  form  of  the 
curve  of  Acqh  versus  crack  size  shown  in  Figs.  15. 
18.  and  19.  Similar  to  the  model  based  on  an 
intrinsic  crack  size,  this  model  can  again  be 
considered  a  special  case  of  the  blocked  slip  band 
model  (equations  (18)— (21))  by  setting  =  0 
(Ref.  76).  By  developing  similar  expressions  for 
negative  R  ratios,  Usami  and  Shida59  have  also 
claimed  to  have  explained  the  effects  of  stress 
ratio  and  yield  strength  on  the  behaviour  of  short 
cracks.  However,  experimental  confirmation  of  the 
constancy  of  r\J  at  the  threshold  for  long  and 
short  cracks  and  the  validity  of  the  Dugdale  solu¬ 
tions  for  the  size  of  the  plastic  zone  in  this 
instance  has  yet  to  be  obtained. 

Sotch  field  plasticity  effects 

Local  plasticity  also  has  an  important  influence  on 
the  initiation  and  growth  of  cracks  emanating  from 
notches.  Such  cracks  are  defined  as  being  short 
because  their  size  is  comparable  to  the  extent  of 
the  strain  field  of  the  notch  tip  plastic  zone  (.see 
Fig. 21). 

Stress  analyses  and  failure  predictions  for 
notched  components  have  traditionally  involved  the 
use  of  theoretical  elastic  stress  concentration 
factors  k t  or.  where  plasticity  is  considered, 
procedures  such  as  those  developed  by  Neuber.95 
For  example,  the  well-known  Neuber  rule  suggests 
that  the  elastic  stress  concentration  factor  fet. 
under  conditions  of  plastic  deformation,  is  given 
approximately  by  the  geometric  mean  of  the  stress 
and  strain  concentration  factors.  ka  and  k\. 
respectively: 95 

*t  =  (*o*t)1/2 . (29) 


cr® 


tiff 


21  Schematic  illustration  of  crack  tip  and  notch 
tip  plastic  strain  fields  associated  with  growth 
of  short  crack  of  length  l  emanating  from 
notch  of  depth  c  and  root  radius  p 


For  elastic  conditions,  equation  ;29)  reduces  t  - 

*t  =  (at£)V2  a* .  30- 

where  o  and  t  are  the  local  stress  and  strain  at 
the  notch  surface,  respectively.  cr®  is  the  nominal 
applied  stress,  and  E  is  the  elastic  modulus. 

Although  elastic  stress  concentration  factors 
are  sometimes  used  in  fatigue  for  conservative 
design  in  the  presence  of  notches.  kt  is  generally 
replaced  by  fef.the  fatigue  strength  reduction 
factor;  i’f  can  be  considered  as  the  effective  stress 
concentration  under  fatigue  loading  conditions 
and  is  defined  for  finite  life  as 

,  _  unnotched  bar  endurance  limit  ^  ^ ^  ^ 

*  ~  notched  bar  endurance  limit  1 

Values  of  if  approach  the  theoretical  values  of  i  t 
for  larger  notches  and  in  higher  streneth  materials, 
the  degree  of  agreement  being  measured  in  terms 
of  the  so-called  notch  sensitivity  index,  defined  as 
(*f-  1)  (fct  -  1).  Although  values  of  are 
tabulated  in  handbooks  (see  e.g.  Ref.  96).  the 
determination  of  >c f  generally  involves  experimental 
measurements  or  empirical  predictions,  such  as 
the  Peterson  equation  for  iron-base  wrought 
alloys.97 

kf  *  1  -  (A't  —  1 )/ [1  -  (a  'o)  j  .  .  i32i 

where  o  is  the  notch  root  radius  and  <v  is  an 
empirical  constant  that  depends  on  the  strength 
and  ductility  of  the  material.  Typical  values  for  . 
range  from  0.01  for  annealed  steels  to  0.001  for 
highly  hardened  steels.2  Since  such  empirical 
equations  are  available  only  for  steels,  to  avoid 
always  measuring  fcf  experimentally  the  so-called 
'local  strain  approach’,  essentially  a  modification 
of  the  Neuber  rule  for  cyclic  loadine.  has  recently 
been  developed  (see  e.g.  Refs.  2.  98,  99).  The  values 
of  k(  suggested  by  Morrow  and  co-workers98  are 
determined  from  the  relations 

kf  -  (f\T/-< )'- 2  (plastic)  .  33 

k f  -  ( AjAt E ) k’2  Aor  (elastic)  .  34 
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where  Aa*\  Aa,  and  Ae  are  the  ranges  of  the 
nominal  stress,  local  stress,  and  local  strain, 
respectively.  To  compute  fcf.  equation  (34).  which 
is  the  equation  of  a  rectangular  hyperbola  (AcAt  = 
constant),  must  be  solved  simultaneously  with  the 
cyclic  constitutive  law.  which  similarly  relates 
cyclic  stresses  to  cyclic  strains. 

Fracture  mechanics  analyses,  incorporating 
both  analytical  and  numerical  procedures  te.g. 
from  equations  (7)  and  (8))  have  also  been  utilized 
by  many  authors  to  treat  the  problem  of  notches 
in  fatigue.  In  particular.  Barsom  and  McNicol.37 
Smith  and  Miller.  100  Dowling.21'101  Kitagawa,102 
Lukas  and  Klesnil,103  El  Haddad  and 
co-workers.  91- 104, 105  and  Tanaka  and  Nakai64 
have  all  attempted  to  characterize  the  growth  of 
small  cracks  which  are  either  fully  or  partially 
submerged  in  a  notch  tip  plastic  zone.  Although 
not  concerned  specifically  with  the  growth  of 
short  cracks.  Barsom  and  McNicol37  proposed  the 
concept  of  a  fatigue  crack  initiation  threshold 
AA’/o1^2.  which  is  assumed  to  be  a  material 
constant  for  the  initiation  of  ’engineering  sized’ 
cracks  from  notches  of  different  root  radii  o  (see 
Fig. 22).  With  the  usual  definition  of  the  stress 
concentration  factor  however,  the  concept  of  an 
initiation  threshold  AJf/o1^2  is  really  the  notched 
bar  fatigue  limit  Aae*t  expressed  in  fracture 
mechanics  terms.7  Smith  and  Miller.100  on  the 
other  hand,  assumed  that  a  fatigue  crack  of  length 
a  growing  in  an  unnotched  specimen  is  comparable 
to  a  fatigue  crack  of  length  I  growing  from  a  notch 
when  both  have  the  same  instantaneous  velocity 
under  identical  conditions  of  bulk  applied  stress. 
They  further  suggested  that  the  contribution  e 
(=<?-/)  to  a  crack  of  length  /  growing  from  an 
edge  notch  of  depth  c  and  root  radius  0  can  be 
expressed  as 

e  =  7.691  /  (c/o)^2 . (35) 

and  that  the  extent  of  the  notch  field  is  equal  to 
0. 13(cp )XJ2.  This  estimate  of  the  size  of  the  notch 
field  appears  to  be  less  accurate  for  fairly  sharp 


Fatigue  cracK  inaiot'on  eye'ss  N.) 

22  Correlation  of  fatigue  life,  baaed  on  initiation 
of  engineering  sized  crack,  with  so-called 
fatigue  crack  initiation  threshold  AX /p 1/2 
based  on  results  for  HY130  steel,  o0  -  1000 
MNm~2.  double  edge  notched  specimens  of  root 
radius  p  between  0.2  and  9. 5  mm  (Ref.  37) 


notches,  and  is  in  disagreement  with  the  predict*,  ns 
made  bv  Dowling21  for  this  regime  equation  9  . 

An  interesting  aspect  of  crack  growth  from 
notches  is  that,  after  growing  a  short  distance, 
cracks  can  arrest  completely  and  become  so-calie  t 
non-propagating  cracks  iNPCsi.  as  first  demon¬ 
strated  by  Phillips.1  00  Frost,107  and  Fr  >st  and 
Dugdale.108  Since  then,  a  number  of  other 
studies6 1  .*>9.9i . 1  oo.  1 03. io9-i :  have  confirmed 
that  NPCs  exist,  although  the  mechanism"  si  bv 
which  a  propagating  crack  becomes  an  NPC  is  n  it 
understood.  Stress-strain  life  analyses,  however, 
have  revealed  that  NPCs  form  only  at  sharp 
notches,  above  the  critical  stress  concentration 
factor  A't  (see  e.g.  Refs.  100.  109.  111).  This  is 
illustrated  in  Fig.  23.  where  the  long  life  fatigue 
strengths  (i.e. fatigue  limits)  are  plotted  as  func¬ 
tions  of  A’(.  It  is  apparent  from  this  figure  that  the 
threshold  stress  for  crack  initiation,  i.e.  the 
unnotched  fatigue  limit  Ace  divided  bv  Af  or  A,,  is 
less  than  the  stress  that  would  cause  complete 
failure  above  the  critical  fr t  for  NPCs. 

Fracture  mechanics  analyses  of  the  plasticity 
of  the  notch  field  suggest  that  the  condition  t  r 
non-propagation  involves  either  the  long  crack 
threshold  stress  intensity  AA'0  applied  to  the  short 
crack,94  or  a  threshold  strain  intensity  factor 
incorporating  an  intrinsic  crack  length  i».-0 .  term.*9 
As  discussed  below,  the  above  models  fail  to 
explain  physically  why  NPCs  occur  since  the  mere 
presence  of  a  notch  plastic  zone  does  not  obviously 
give  rise  to  a  driving  force  for  crack  growth  which 
passes  through  a  minimum. 

Whether  short  cracks  emanating  from  notches 
arrest  or  not,  their  growth,  as  compared  to  results 
obtained  from  conventional  LEFM  analyses  of  I  ng 
cracks,  is  generally  non-unique  and  significantly 
faster  w'hen  characterized  in  terms  of  aA  or 
A' max-  An  example  of  this  behaviour  is  shown  in 
Fig.  24.  from  the  work  of  Leis  and  F  rte.1  where 
growth  rates  are  plotted  for  cracks  2  50  ..m  long 
propagating  from  notches  of  varying  and  com¬ 
pared  to  the  growth  rates  of  long  cracks  in  an 
SAE  1015  mild  steel.  Hammouda  and  Miller109 
have  analysed  such  behaviour  in  terms  of  notch 
plasticity  theory,  and  argue  that  the  total  plastic 
shear  displacement,  which  is  taken  as  the  sum  if 
the  shear  displacement  arising  from  motchi  bulk 
plasticity  and  from  the  local  crack  tip  plastic  zone 
for  LEFM  controlled  growth,  determines  the  growth 
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23  Threshold  stress  for  crack  initiation,  i.e. 
unnotched  fatigue  limit  Ane  divided  by  *■$  or 
k(.  as  function  (Ref.  Ill) 
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Elastic— plastic  and  linear  elastic  characteriza¬ 
tion  of  kinetics  of  crack  growth  for  short 
crack  propagation  from  notch,  as  shown  in 
Fig.  21  (Ref.  109) 


•W.MNm 

Propagation  rate  da  dS  at  cracks  emanating 
from  notches  as  function  of  maximum  stress 
intensity  factor  Amax  in  0. 15^C  mild  steel; 
kt  is  theoretical  elastic  stress  concentration 
factor,  R  stress  ratio,  and  Rt  edge  strain 
ratio110 


kinetics  of  such  short  cracks.  If  the  crack  is 
completely  submerged  in  the  notch  tip  plastic  zone 
'see  Fig.  21),  bulk  plasticity  conditions  dominate 
the  behaviour.  Hammouda  and  Miller  estimate 
that  the  growth  rates  ot  the  short  cracks  will 
decrease  progressively  until  they  arrest  or  merge 
with  the  long  crack  LEFM  curve,  where  behaviour 
is  dominated  by  local  plasticity  conditions  within 
the  crack  tip  plastic  zone  (see  Fig,  25).  Several 
continuum  mechanics  explanations  have  been 
advanced  for  such  observations  of  growth  rates  of 
short  cracks  decreasing  within  the  notch  tip  plastic 
zone.  These  explanations  have  been  based  on  the 
total  plastic  shear  displacement  areument  (see 
above).109  on  elastic— plastic  analyses  using  the 
■J  parameter  and  the  a0  concept,89  and  on  the  idea 
that  the  size  of  the  reversed  plastic  zone  is  a 
property  of  the  material  and  is  independent  of 
crack  length.91  Such  behaviour,  however,  is 
difficult  to  comprehend,  particularly  since  there 
is  a  striking  similarity  between  Figs.  25  and  14. 

In  Fig.  14  is  shown  the  progressive  deceleration 
in  short  crack  growth  rates  in  the  absence  of  a 
notch,  which  has  been  attributed  to  the  impedance 
of  growth  at  grain  boundaries.71  Thus  it  must  be 
concluded  that  even  though  the  precise  mechanism 
for  the  deceleration  of  short  crack  growth  and  the 
formation  of  NPCs  is  unclear,  factors  such  as  notch 
tip  plasticity,  microplasticitv.  grain  boundarv 
blocking  of  slip  bands,  cessation  of  growth. 
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crystallographic  reorientation,  deflection  at  grain 
boundaries,  and  crack  closure  may  all  play  a 
significant  role.  In  this  regard  it  has  been  claimed 
that,  since  small  cracks  are  capable  of  propagating 
below  the  long  crack  threshold  aA’0  value,  they 
may  propagate  for  some  distance  until  the  com¬ 
bination  of  their  size  and  the  local  stress  causes 
them  to  arrest  at  or  below  the  aA'0  value.8 
Although  this  is  a  convenient  explanation  of  the 
behaviour  shown  in  Figs.  14  and  25.  the  phvsical 
mechanisms  that  have  been  suggested  for  such 
behaviour  do  not  follow  from  conventional  elastic 
or  elastic— plastic  notch  analyses.  However,  recent 
studies  have  suggested  that  the  most  general 
explanation  involves  the  phenomenon  of  fatigue 
crack  closure,  and  the  variation  of  closure  with 
crack  length.12-61  This  is  discussed  in  detail 
below. 

Environmental  and  closure  effects 

The  third  definition  of  a  short  crack  see  the 
introductory  section),  perhaps  the  most  important 
from  a  design  viewpoint,  is  the  crack  which  is  long 
compared  to  the  scale  of  both  the  microstructure 
and  the  local  plasticity,  yet  simply  physically 
small,  i.e. typically  less  than  0.5—1  mm  long. 

Since  both  continuum  mechanics  and  LEFM 
characterizations  of  the  behaviour  of  such  cracks 
would  be  expected  to  be  valid,  it  is  perhaps 
surprising  to  find  that  under  certain 
circumstances1  *•  * 8 •  -» 9 . 5 , e °  even  physically 
short  cracks  grow  faster  than  long  cracks  under 
a  nominally  identical  driving  force  ti.e.at  the  same 
aA  ).  This  is  not  at  all  consistent  with  the  concept 
of  similitude,  which  forms  the  basis  of  fracture 
mechanics  analyses  of  subcritical  crack  growth, 
and  has  been  attributed  primarily  to  two  factors.1- 

The  first  of  these  is  connected  with  the 
phenomenon  of  crack  closure:  interference  and 
physical  contact  between  mating  fracture  surfaces 
in  the  wake  of  the  crack  tip  can,  under  positive 
loads  during  the  fatigue  cycle,  lead  t  >  effective 
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a  no  closure,  and  closure  induced  by:  h  cyclic  plasticity,  c  corrosion  deposits;  d  rough  fracture 
morphology 

26  Mechanisms  of  fatigue  crack  closure;  is  effective  stress  intensity  range,  defined  by  Amax  Ac[, 

where  Aci  is  stress  intensity  at  which  two  fracture  surfaces  come  into  contact  (Aci  ;=  KminJ 
(Ref.  119) 


closure  of  the  crack.  Since  the  crack  cannot 
propagate  while  it  remains  closed,  the  net  effect 
of  closure  is  to  reduce  the  nominal  stress  intensity 
range  AK.  computed  as  Amax  —  Amjn  from  measure¬ 
ments  of  applied  load  and  crack  length,  to  some 
lower  effective  value  AAe ff  actually  experienced  at 
the  crack  tip.  i.e.  AA'eff  =  Kmax  —  ffci,  where  Kc\ 
is  the  stress  intensity  at  closure  (s^min)-112 
Several  factors  can  lead  to  closure,  such  as  the 
constraint  of  surrounding  elastic  material  on  the 
residual  stretch  in  material  elements  previously 
plastically  strained  at  the  tip  (plasticity  induced 
closure),112  the  presence  of  corrosion  debris 
within  the  crack  (oxide  induced  closure), 1 1 3-1 16 
and  contact  at  discrete  points  between  faceted  or 
rough  fracture  surfaces  where  significant  inelastic 
mode  II  crack  tip  displacements  are  present 
(roughness  induced  closure).1 16-120  These 
mechanisms  of  crack  closure  are  illustrated 
schematically  in  Fig.  26. 

Plasticity  induced  closure,  as  first  defined  by 
Elber112  from  compliance  measurements  on 
fatigue  cracks  in  aluminium  alloys  at  high  stress 
intensity  ranges,  is  generally  considered  to  play  a 
dominant  role  under  plane  stress  and  is  thus 
presumed  to  be  of  less  importance  at  near-threshold 
levels  where  mostly  plane  strain  conditions  exist. 

In  the  latter  case,  the  main  contributions  to  the 
closure  of  fatigue  cracks  come  from  oxide  deposits 
within  the  crack  and  from  premature  contact 
between  the  fracture  surface  asperities.  Considera¬ 
tion  of  simple  geometric  models  have  led  Suresh, 
Ritchie,  and  co-workers1 19-122  to  propose  the 
following  relationships  for  such  closure: 

(A'd  A'max^oxide  *  ^/!Ts5maxto)L  2  (36) 

(Acl/Kmax)r0Ughness  *  [2>  */(l  2 > v )  ] ^ 2  (37) 

where  d0  Is  the  maxtmum  thickness  of  the  excess 
oxide  deposit  located  a  distance  2s  from  the  crack 
tip,  6max  Is  the  maximum  CTOD  (mode  I).  x  is  the 
ratio  of  mode  II  to  mode  I  crack  tip  displacements. 
<0  is  the  yield  strain  (o0/£),>  is  a  non-dimensional 
roughness  factor  given  by  the  ratio  of  the  height 
of  a  fracture  surface  asperity  to  its  width,  and  0 
is  a  constant  of  numerical  value  '•1/32. 


Extensive  studies  of  the  behaviour  of  long 
cracks,  particularly  at  near-threshold  stress 
intensity  levels,  have  revealed  that  such  closure 
mechanisms  determine  to  a  large  extent  the 
effects  on  crack  growth  of  load  ratio,11  1 

yield  strength.1 16. 12 1 2 5  grain  size. 1  •  1 

environment.1 1  4-1  16-12 1  -1 22- 125  and  variable 
amplitude  cycling,126-128  and  even  in  the  verv 
existence  of  a  threshold  for  no  long  crack 
growth.1 16>121'125'129  However,  such  microscopic 
closure  mechanisms  are  also  particularly  relevant 
to  the  behaviour  of  short  cracks,  simply  because 
their  action  predominates  in  the  wake  of  the  crack 
tip.  Since  small  cracks,  by  definition,  have  onlv  a 
limited  wake,  it  is  to  be  expected  that  the  effect 
of  crack  closure  wiil  be  different  for  long  and 
short  cracks  —  that  the  short  crack  is  likely  to  be 
less  influenced  by  closure.  Evidence  that  the 
extent  of  crack  closure  is  a  function  of  crack  size 
has  been  reported  by  James  and  Morris48  for  the 
growth  of  short  cracks  in  titanium  alloys.  By 
monitoring  the  surface  CTOD  at  zero  load  for 
cracks  from  50  to  500  iim  long  (see  Fig.  27).  these 
authors  concluded  that  for  cracks  less  than 
approximately  160  um  long  the  extent  of  crack 
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27  Variation  of  CTOD  6  at  zero  load  with  length 
of  small  surface  cracks  in  6A1— 2Sn— 4Zn— 6Mo 
titanium  alloy  (o0  -  1140  MNm-2 ,  primary 
a  grain  size  =  4  gm,0  grain  size  ~  12  um). 
showing  reduction  in  crack  closure  with 
decreasing  crack  size48 
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a  da,  d.V  nominal  stress  intensity  range  A/v;  6  da  d.V  /  .effective  stress  intensity  range  AAe{[.  note 
that  anomalous  (sub-threshold)  behaviour  of  short  cracks  is  brought  into  direct  correspondence  with 
conventionally  obtained  data  for  long  cracks  once  crack  closure  is  accounted  for 


28  Variation  of  crack  propagation  rate  with  stress  intensity  ranges  in  JIM  SM416, 0. 17%C  structural 
mild  steel,  o0  =  194  MNm-2  (Ref.  61) 

closure,  particularly  that  Induced  by  roughness.  similar  (see  Fie.  29),  This  phenomenon  is  not  corn- 

decreased  with  decreasing  crack  length.  A  further  pletely  understood,  but  preliminary  analyses  have 
influence  of  roughness-induced  closure  was  found  indicated  that  the  effect  could  be  attributable  to 

by  McCarver  and  Ritchie,60  who  studied  the  differences  in  the  local  crack  tip  environment  of 

crystallographic  growth  of  long  and  physically  long  and  short  cracks,  resulting  mainly  from  the 

short  fatigue  cracks  in  Rene  95  nickel-base  different  electrochemicallv  active  surface  -to- 


superalloy.  Threshold  A/Cth  values  for  short 
cracks  (a~0. 01— 0. 20pm)  at  low  mean  stresses 
(R  =  0. 1)  were  found  to  be  60°/o  smaller  than  for 
long  cracks  (a~25  mm),  yet  at  high  mean  stresses 
(R  =  0.7)  where  closure  effects  were  minimal, 
this  difference  was  not  apparent.  More  recently, 
Tanaka  and  Nakai61  have  used  compliance 
techniques  to  measure  the  extent  of  crack  closure 
for  small  cracks  emanating  from  notches  in  a  low- 
carbon  steel  and  found  a  marked  reduction  in 
closure  at  short  crack  lengths.  These  authors 
claimed  that  the  anomalous  (sub- threshold) 
behaviour  of  short  cracks  (as  shown  in  Figs.  14 
and  25)  could  be  brought  into  direct  correspondence 
with  conventional  long  crack  data  (see  the  next 
section)  by  analysing  it  in  terms  of  (see 

Fig.  28).  Thus,  at  equivalent  nominal  A/C  levels, 
physically  short  cracks  may  be  expected  to  pro¬ 
pagate  faster  (and  show  lower  thresholds)  than 
corresponding  long  cracks  simply  because  closure 
produces  a  smaller  increase  in  effective  stress 
intensity  range  at  the  crack  tip  in  long  cracks. 
Specific  mechanisms  for  this  effect  are  discussed 
in  more  detail  in  the  next  section. 

Chemical  and  electrochemical  effects  can 
also  increase  the  growth  rate  of  small  cracks, 
and  this  is  particularly  relevant  to  the  growth  of 
physically  short  cracks  in  aggressive 
environments.1 1.53,54,57,130  Experiments  by 
Gangloff 1 1  • 54  on  high  strength  AISI  4130  steels 
tested  in  NaCl  solution  revealed  the  corrosion 


volume  ratios  of  the  cracks  and  from  the  influence 
of  crack  length  on  the  solution  renew  nl  -ate  in  the 
crack  tip  region.1 1  • 54 • 57 
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fatigue  crack  propagation  rates  of  short  cracks 
(0. 1-0.  8  mm)  to  be  up  to  two  orders  of  magnitude 
faster  than  corresponding  rates  for  long  cracks 
(25—60  mm)  at  the  same  A K  level,  althoueh  the 
behaviour  in  inert  atmospheres  was  essentially 


29  Fatigue  crack  propagation  rate  de/dV  as 
function  of  AA  for  long  o  ~  50  mm)  and 
physically  short  (a  =  0. 1-0.8  mm)  cracks  in 
AISI  4130  steel,  o0  =  1300  MNm-2.  tested  in 
moist  air  and  in  aqueous  3%  NaCl  solution53 
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DISCUSSION 

From  the  above  review  of  experimental  results,  it 
is  apparent  that  short  fatigue  cracks  may  present 
difficulties  in  fatigue  design  simply  because  their 
growth  behaviour  cannot  be  predicted  with 
certainty  bv  using  the  analyses  and  methodologies 
developed  for  Ions  cracks,  for  example  by  making 
use  of  LEFM  results.  It  is  also  apparent  that  the 
use  of  these  procedures  can  lead  to  overestimates 
of  the  lifetimes  of  components  containing  short 
cracks  because,  under  the  same  nominal  driving 
force,  a  short  crack  invariably  propagates  more 
quickly  than  a  corresponding  long  crack.  This 
problem,  of  'lack  of  similitude',  arises  for  a 
number  of  reasons,  including: 

;i)  inappropriate  fracture  mechanics  charac¬ 
terization  of  the  crack  driving  force  for  short 
cracks  subjected  to  near-tip  and  notch  field 
plasticity  effects 

iii  local  microstructural  features  which  do  not 
substantially  alter  the  growth  of  large  cracks, 
but  can  interact  stronglv  with  small  cracks 
because  they  are  of  comparable  size 
i  iii!  lack  of  similitude  associated  with  crack 
extension  mechanisms 
i  iv >  crack  closure  effects 

.V)  differences  in  the  local  crack  tip  environments. 

Each  of  these  factors  is  now  examined  in  turn. 

Questions  on  the  inappropriate  use  of  LEFM  to 
characterize  the  extension  of  short  cracks  have 
been  central  to  the  short  crack  problem  (m  <  e.g. 
Refs.  7  10.12.131,132).  In  fact,  it  has  often  been 
claimed  that  the  short  crack  problem  arises  simply 
when  LEFM  analvses  become  invalid.131  although 
it  is  now  clear  that  this  is  an  oversimplification. 
Conventional  LEFM  approaches  can  be  inappro¬ 
priate  for  short  cracks,  even  under  nominally 
elastic  conditions,  since  the  use  of  the  linear 
elastic  singularity  to  characterize  the  local 
stresses  on  the  basis  of  A\  (i.e. equation  (3)) 
invariably  involves  neglecting  all  terms  of  order 
higher  than  r~]'-  (Ref.  133  and  134).  However, 
when  a  -  such  higher  order  terms  can  have  an 
appreciable  effect  and  therefore  should  be  con¬ 
sidered  when  comparing  the  behaviour  of  long  and 
short  cracks.1  :,:1- 1  1 1  It  is  also  well  recognized 
that  one  of  the  main  reasons  for  the  breakdown  in 
LEFM  an.alvs  s  for  short  cracks  is  the  presence 
of  excessive  plasticity  over  distances  comparable 
with  the  crack  size  in  the  vicinity  of  the  crack  tip. 
Thi^  pr  -blent  has  been  partly  resolved  by  the  use 
f  -  [astir  plastic  fracture  mechanics  in  methods 
has-  -!  -it  the  ./-integral  or  on  the  crack  tip  opening 
displacement,  as  evidenced  bv  the  results  obtained 
bv  D-  •>!ingv-  and  shown  in  Fig.  20.  It  is  now 
apparent  ihat  differences  in  the  behaviour  of  long 
and  short  cracks  as  revealed  bv  early  studies  can 
b<  traced  to  the  fact  that  growth  rates  were  com¬ 
pared  at  equivalent  aA  values,  and  that  the  use  of 
’his  LEFM  parameter  did  not  provide  an  adequate 
characterization  of  t he-  stress  and  strain  fields 
at  the  tip  -if  short  cracks,  where  e  -  rv.  However, 
for  short  cracks  emanating  front  notches,  where 
initial  growth  occurs  within  the  plastic  zone  of  the 
notch  '<>  Fig.  21  i.  a  continuum  mechanics  des¬ 
cription  "f  the  behaviour  is  less  clear.  Certainly 
there  is  experimental  evidence  that  such  short 
cracks  can  propagate  bel-nv  th>-  long  crack 


threshold  at  progressively  decreasing  growth 
rates  (see  Fig.  25).  and  can  even  arrest  to  form 
non -propagating  cracks. 1  0i’_1 1  0  but  such  behaviour 
can  also  occur  in  the  absence  of  a  notch  and  can 
be  attributed  to  microstructural  factors  Uct  Fig. 
14). 71  Certainly  no  linear  elastic  analysis  of  a 
short  crack  emanating  from  a  notch  (><i  e.g.  Ret—. 
21.  100)  has  shown  that  the  crack  driving  force 
(e.g.  A.)  passes  through  a  minimum  as  the  cracrt 
begins  to  extend  from  the  notch,  and  to  the  present 
authors'  knowledge  there  is  no  formal  elastic 
plastic  analysis  available  which  predicts  a  similar 
variation  in  crack  driving  force  without  having  t- 
incorporate  crack  closure  effects.1  ).'•  3  5 
Although  there  is  no  complete  continuum 
mechanics  analysis,  it  can  be  concluded  that  the 
anomalous  growth  rate  of  short  cracks  emanating 
from  notches  may  result  in  part  from  the  inter¬ 
action  of  the  short  crack  with  microstructural 
features,  and  principally  from  crack  closure. 

With  respect  to  microstructural  features,  it  is 
generally  accepted  that  the  presence  of  microscopic 
discontinuities,  such  as  grain  boundaries,  hard 
second  phases,  or  inclusions,  plays  a  somewhat 
minimal  role  in  influencing  the  growth  of  l  -ng 
fatigue  cracks1’  (at  least  for  growth  rates  below 
~10-3  mm/cvcle)  because  the  behaviour  is 
governed  primarily  by  average  bulk  properties. '■ ' 
However,  it  is  clear  that  this  is  not  the  case  for 
small  cracks  whose  length  is  comparable  to  the 
size  of  microstructural  features.  For  example, 
for  small  cracks  contained  within  a  single  grain, 
cyclic  slip  will  be  strongly  influenced  by  the 
crystal  orientation  and  the  proximity  of  the  grair- 
boundarv.  resulting  in  locally  non-linear  crack 
extension. 1 9 - 7 1  —  7 1  There  is  now  a  large  b  >dv  i 
evidence  showing  that  the  growth  of  small  cracks 
is  impeded  bv  the  presence  of  grain  boundaries 
(,s<  i  e.g.  Fig.  30)  by  such  mechanisms  as  the  block¬ 
ing  of  slip  bands"13  or  containment  of  the  plastic 
zone19  within  the  grain,  reorientate >n  and  re¬ 
initiation  of  the  crack  as  it  traverses  the 
boundary.19-71  and  simple  cessation  of  growth  at 
the  boundary.19  Crack  propagation  has  also  been 
found  to  be  halted  by  harder  second  phases;  in 
duplex  ferritic  martensitic  steels,  small  cracks 


Changes  in  direction  of  crack  advance  when 
crack  tip  encounters  grain  boundaries  in 
7075  T6  aluminium  alloy71 
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were  observed  to  initiate  and  grow  in  the  softer 
ferrite,  only  to  arrest  when  they  encountered  the 
harder  martensite.136  Many  of  these  effects  can  be 
explained  by  considering  the  mechanics  nf  crack 
deflection. 

Based  on  the  theoretical  analyses  by  Bilby 
ct  ( tl  137  and  Cotterell  and  Rice.138  recent  studies 
by  Suresh81  have  shown  that  alternatives  to 
previous  interpretations  of  the  way  in  which  a 
crack  tip  interacts  with  a  grain  boundary  can  be 
developed  by  considering  the  effect  of  crack 
deflection  on  the  propagation  of  short  fatigue 
cracks.  For  a  short  crack,  the  low  restraint  on 
cyclic  slip  promotes  a  predominantly  crystal¬ 
lographic  mode  of  failure.  When  a  crack  tip 
reaches  a  grain  boundary,  it  tends  to  reorient 
itself  in  the  adjacent  grain  to  advance  by  the 
single  shear  mechanism,  and  can  be  considerably 
deflected  by  the  grain  boundary.  This  phenomenon 
is  illustrated  schematically  in  Fig.  31.  The  extent 
of  deflection  at  the  grain  boundary  is  a  function 
of  the  relative  orientations  of  the  most  favourable 
slip  systems  in  the  adjoining  crystals.  For  an 
elastic  crack  initially  inclined  at  an  angle  -0  to 
the  mode  I  growth  plane  and  deflected  at  the  first 
grain  boundary  through  an  angle  > ■,  (see  Fig.  31). 
approximate  estimates  of  the  local  stress  intensity 
factors  yield  the  relation81 

A'j/'A'j  -  cos2  M0  cos3(J‘.‘,) 

*  3  suv'o  cost1,)  sin(j-’j)  cos2^^) 

. (38) 

K2/Kl  -  COS2  M0  Sin(l  !'j  )  COS2(;!(j) 

—  sin''0  cos 00  cosjidjjfl  —  3sin2(\^)] 
. (39) 
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it  propagation  into  first  grain;/)  propagation 
across  grain  boundary 

31  Growth  and  deflection  of  microstructurally 
short  fatigue  crack  and  the  resultant  crack 
tip  displacements  and  closure;  90  is  short 
crack  Initiation  angle  and  angle  of 
deflection  at  first  grain  boundary81 


Here.A'[  and  A2  are  the  near-tip  mode  I  and  mode 
II  stress  intensity  factors,  respectively,  immediately 
following  deflection  at  the  grain  boundary,  whereas 
A't  is  the  nominal  mode  I  (far-field)  value.  For  a 
typical  short  crack  emanating  from  the  surface  at 
an  angle  of  -0  *  45  and  deflected  at  the  grain 
boundary  by  -j  -  90:,  equations  (38)  and  i39i  yield 
A’,  =  0.'tKl  and  A2  -  0.35A,.  The  effective  driving 
force  for  coplanar  growth  can  thei.  be  approximated 
as  the  square  root  of  the  sum  of  the  squares  of 
Kl  and  A'2.  such  that  AA'eff  -  0.78AA';.  Thus  con¬ 
sideration  of  crack  deflection  processes  alone  can 
account  for  a  significant  reduction  in  driving  force 
as  a  crack  tip  interacts  with  a  grain  boundary 
when  the  way  in  which  a  short  crack  advances  is 
characterized  by  LEFM.  It  has  been  postulated81 
that  if  the  extent  of  deflection  at  the  grain  boundary 
is  large,  the  effective  cyclic  stresses  may  be 
reduced  to  a  value  smaller  than  the  true  threshold 
for  short  crack  advance  le.g.  to  the  fatigue  endur¬ 
ance  limit)  such  that  complete  crack  arrest  will 
result  (denoted  by  curve  A  in  Fig.  32).  If  the 
effective  cyclic  stresses  after  deflection  are  above 
such  threshold  values,  there  would  be  no  crack 
arrest  (as  denoted  by  curve  B  in  Fig.  32)  and  only 
a  temporary  deceleration  in  growth  rate.  Although 
the  numerical  predictions  of  the  deflection  nv idols 
can  be  subject  to  considerable  uncertainties  wh<  n 
used  to  characterize  the  mechanics  of  short  cracks 
in  metals  and  alloys,  the  mechanisms  underlying 
crack  deflection  processes  have  been  shown  to 
provide  a  physically  meaningful  explanation  not 
only  for  the  role  of  microstructure  in  influencing 
short  crack  advance,  but  also  for  several  fatigue 
characteristics  of  long  cracks  under  constant81 
and  variable  amplitude81  -t-6-128  loading. 

In  addition  to  causing  a  reduction  in  the 
effective  driving  force,  crack  deflection  mecha¬ 
nisms  could  play  a  major  role  in  enhancing 
closure.81-120  For  example,  the  irreversibility  of 


32  Variation  of  fatigue  crack  growth  rate  du  dV 
with  AA  for  both  long  and  microstructurally 
short  fatigue  cracks;  note  how  growth  rates 
for  short  cracks  decrease  progressively  behiw 
long  crack  threshold  AA0  before  arresting  or 
merging  with  long  crack  data 
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slip  steps  and  surface  oxidation  can  lead  to  non- 
uniform  tensile  opening  and  shear  displacements 
of  short  cracks.12-81  Given  the  presence  of 
serrated  fracture  surfaces  and  mode  II  crack  tip 
displacements  occurring  after  deflection,  such 
non-uniformities  in  crack  opening  and  sliding 
result  in  premature  contact  between  asperities, 
leading  to  roughness  induced  closure  (see  Figs.  26 
and  31).  (An  ideally  elastic  crack  may  not  result 
in  any  roughness  induced  closure,  irrespective  of 
the  extent  of  deflection.)  Experimental  measure¬ 
ments  of  crack  closure  made  by  Morris  and 
co-workers4  7-49  do  indeed  show  that  even  short 
cracks  (spanning  only  a  few  grain  diameters)  can 
close  above  the  minimum  load  of  the  fatigue 
cycle  (see  Fig.  27). 

A  further  factor  which  may  contribute  to 
differences  in  the  behaviour  of  long  and  short 
cracks  is  the  question  of  crack  shape.10  Even  long 
cracks,  running  across  many  grains,  are  known  to 
possess  certain  irregularities  in  their  geometry 
(on  a  microscopic  scale)  that  result  from  local 
interactions  with  microstructural  features,10  yet, 
at  a  given  AK.  the  overall  growth  behaviour  would 
be  expected  to  be  similar.  However,  on  comparing 
a  large  crack  with  a  small  one  this  similarity 
would  seem  questionable.  Moreover,  the  early 
stages  of  fatigue  damage  often  involve  the  initiation 
of  several  small  cracks,  the  subsequent  growth  of 
any  of  which  is  likely  to  be  strongly  influenced  by 
the  presence  of  the  others.37-40 

Differences  in  the  behaviour  of  long  and  short 
cracks  may  also  result  from  the  fact  that,  at  the 
same  nominal  AK,  the  crack  extension  mechanisms 
may  be  radically  different.  As  pointed  out  by 
Schijve,10  the  restraint  of  the  elastic  surrounding 
on  a  small  crack  near  a  free  surface  is  very 
different  from  that  experienced  at  the  tip  of  a  long 
crack  inside  the  material.  For  a  small,  grain 
sized  crack,  cyclic  slip  along  the  system  with  the 
highest  critical  resolved  shear  stress  results  in 
mixed  mode  IT  and  mode  I  slip  band  cracking  akin 
to  Forsyth's  stage  I  mechanism.1  39  However,  for 
a  long  crack,  spanning  many  grains,  maintaining 
such  slip  band  cracking  in  a  single  direction  in 
each  grain  is  incompatible  with  maintaining  a 
coherent  crack  front.  The  resulting  increased 
restraint  on  cyclic  plasticity  will  tend  to  activate 
further  slip  systems,  leading  to  a  non-crystallo- 
graphic  mode  of  crack  advance  by  alternating  or 
simultaneous  shear,  commonly  referred  to  as 
striation  growth  (Forsyth's  stage  II).139  At  near- 
threshold  levels  where  the  extent  of  local  plasticity 
can  be  small  enough  to  be  contained  within  a  single 
grain,  even  long  cracks  may  propagate  via  the 
single  shear  mechanism,  the  orientation  of  the  slip 
band  cracking  changing  at  each  grain  boundary  and 
leading  to  a  faceted  or  zigzag  crack  path  morpho¬ 
logy  (set  Fig.  33). 1  1  7-120 

The  occurrence  of  this  shear  mode  of  crack 
extension,  with  the  related  development  of  a  faceted 
fracture  surface,  has  a  major  influence  on  the 
magnitude  of  crack  closure  effects,11'’-1-0  which 
may  in  turn  lead  to  differences  in  the  behaviour 
of  long  and  short  cracks  (see  Figs.  26  and  31 1. 

The  differences  in  fatigue  characteristics 
resulting  from  crack  closure  arise  from  two 
main  sources.  First,  since  closuie  results  from 


the  constraint  of  surrounding  elastic  material  on 
the  plastic  region  surrounding  the  crack,  the 
amount  of  closure  experienced  by  a  small  crack 
at  high  stress  amplitudes  in  a  fully  plastic  speci¬ 
men  would  be  far  less  than  that  experienced  by  a 
larger  crack  at  lower  stress  amplitudes  in  an 
elastic— plas  .^  or  nominally  elastic  specimen  at 
the  same  (nominal)  driving  force.  However,  more 
importantly,  differences  between  the  effect  of 
closure  on  long  and  short  cracks  result  from  the 
fact  that  such  closure  effects  predominate  in  the 
wake  of  the  crack  tip.  Since  short  cracks  —  bv 
definition  —  possess  a  limited  wake,  it  is  to  be 
expected  that  in  general  such  cracks  will  be 
subjected  to  less  closure.  Thus,  at  the  same 
nominal  driving  force,  short  cracks  may  experience 
a  larger  effective  value  than  will  the  equivalent 
long  crack.  As  outlined  in  the  previous  section, 
this  can  arise  in  two  ways.  In  the  first,  with 
respect  to  plasticity  induced  closure,  plastic 
deformation  in  the  wake  of  the  crack  has  to  build 
up  before  it  can  be  effective  in  reducing  A/\eff 
(Ref.  112).  From  analogous  studies  of  the  role  of 
dilatant  inelasticity  (inelasticity  resulting  from 
phase  transformations) on  reducing  the  effective 
stress  intensity  at  the  crack  tip  in  ceramics,1  111 
it  has  been  found  that  the  full  effect  of  this  closure 
is  felt  only  when  the  transformed  zone  extends 
into  the  wake  of  the  crack  by  a  distance  of  five 
times  its  forward  extent.  Although  no  comparable 
analysis  has  been  carried  out  for  plastic  deforma¬ 
tion  in  metals,  it  is  to  be  expected  that  the  role  of 
the  compressive  stresses  in  the  plastic  zone 
encompassing  the  wake  of  the  crack  would  be 
limited  for  small  cracks  of  a  length  comparable 
to  the  forward  extent  of  this  zone  (i.e.for  a  ~  t\\. 

It  is  believed12-64'133  that  this  is  one  of  the  main 
reasons  (at  least  from  the  perspective  of  continuum 
mechanics)  for  non -propagating  cracks  and  also 
explains  why  microstructurally  short  cracks  and 
cracks  emanating  from  notches  can  propagate 
below  the  long  crack  threshold  aK0  ( see  Figs.  14 
and  25).  E ssentially,  they  can  initiate  and  grow  at 
nominal  stress  intensities  below  AA'0  because  of 
the  absence  of  closure  effects  but.  as  they  increase 
in  length,  the  build-up  of  permanent  residual 
plastic  strains  ir.  their  wake  means  that  crack 
closure  begins  to  have  the  effect  of  progressively 
decreasing  the  effective  A K  experienced  at  the 
crack  tip.  resulting  in  a  progressive  reduction  in 
crack  growth  rate  and  sometimes  complete  arrest. 

This  notion,  by  which  the  anomalous  behaviour 
of  short  cracks  below  the  long  crack  threshold 
regime  and  in  the  strain  field  of  notches  (see  e.g. 
Fig.  1 )  is  related  primarily  to  a  decrease  in  crack 
closure  effects  at  small  crack  sizes. 1  2'6  *• 1  35  has 
recently  been  substantiated  bv  both  numerical1  15 
and  experimental61  studies.  Newman133  has 
demonstrated  that  by  incorporating  plasticity 
induced  closure  in  finite  element  computational 
models  of  fatigue  crack  propagation,  the  progres¬ 
sivelv  decreasing  growth  rates  of  short  cracks 
emanating  from  notches  could  be  predicted  and 
shown  to  be  in  good  agreement  with  experimental 
data  on  brwer  strength  steel  see  Fig.  34).  Tanaka 
and  Nakai"1  monitored  the  growth  of  similar  short 
cracks  in  notched  specimens  of  low  strength  ste  1 
at  both  R  0  and  0.4  while  simultaneously  measur¬ 
ing  the  extent  of  crack  closure.  Their  data,  which 
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a,  c ,  e  near  threshold,  r y  d g,  stage  I,  mixed  modes  1  and  II;  b,  d,  f  higher  growth  rates,  rv  ,  </lT, 
stage  II,  mode  I;  c,  d,  fractographs  of  nickel -plated  1018  steel;118  e,f  sections  of  7075  T6  aluminium 
alloy 10 

33  Crack  opening  profiles  and  morphologies  of  long  fatigue  cracks120 


show  the  characteristic  decreasing  growth  rate 
for  short  cracks  when  plotted  in  the  usual  way 
(in  terms  of  a  nominal  AA),  can  be  seen  to  coincide 
with  the  long  crack  data  and  to  fall  on  a  single 
smooth  curve  when  reanalysed  in  terms  of  AA'e£f 
incorporating  the  experimental  A'cj  measurements 
(see  Fig.  28). 

A  similar  situation  can  arise  from  the  effect 
of  roughness  induced  crack  closure  promoted  by 
rough,  irregular  fracture  surfaces,  particularly  if 
the  crack  extension  mechanism  involves  a  strong 
single  shear  (mixed  mode  II  and  mode  I) 
component.118-120  Since  a  crack  of  zero  length 
can  have  no  fracture  surface  and  hence  cannot 
undergo  roughness  induced  closure,  the  develop¬ 
ment  of  such  closure  is  expected  to  be  a  strong 
function  of  crack  size,47-19'120’133  as  demon¬ 
strated  by  the  experimental  data  obtained  by  James 
and  Morris48  and  shown  in  Fig. 27.  An  estimate 


of  the  lower  bound  to  the  size  of  transition  crack 
below  which  roughness  induced  closure  is  ineffec¬ 
tive  (at  near-threshold  levels)  can  be  appreciated 
from  Figs. 31  and  33  (Ref.  120).  A  long  crack 
which  encompasses  several  grains  will,  at  near¬ 
threshold  levels,  have  developed  a  faceted  morpho¬ 
logy  and.  as  a  result  of  the  incompatibility  between 
mating  crack  surfaces  arising  from  the  mode  II 
crack  tip  displacements,  will  undergo  roughness 
induced  closure  in  the  manner  depicted  in  Fig.  26. 
The  short  crack,  however,  will  not  undergo  such 
closure  while  its  length  remains  less  than  a  grain 
diameter  since  it  will  not  have  changed  direction 
at  a  grain  boundary,  and  accordingly  will  not  have 
formed  a  faceted  morphology. despite  extension  via 
the  same  single  shear  mechanism. 

In  general,  since  most  of  the  results  that  show 
differences  between  the  growth  rates  of  lone  and 
short  cracks  have  been  obtained  at  low  stress 
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34  Comparison  of  experimental  results  and  numerical  predictions  of  crack  propagation  rates  for  small 
cracks  in  centre  cracked  tensile  specimens  of  CSA  G40. 11  low  strength  structural  steel  o0  = 

510  MNm-2,  subjected  to  high  stress  levels135 


intensity  ranges,  and  fatigue-crack  propagation  of 
long  cracks  in  this  near-threshold  regime  is 
known  to  be  strongly  influenced  by  crack  closure 
effects,  it  seems  most  likely  that  the  main  reason 
for  the  faster  growth  of  short  cracks  and  the  fact 
that  they  can  propagate  below  the  long  crack 
threshold  AK0  is  associated  with  the  role  of 
closure  decreasing  with  crack  size.  Results 
obtained  by  Potter  and  Yee141  on  the  behaviour  of 
short  cracks  under  variable  amplitude  loading  are 
consistent  with  this  notion,  since  the  crack  growth 
transients  (i.e. accelerations  and  retardations) 
normally  observed  following  overloads  and 
spectrum  loading  sequences,  which  have  been 
attributed  —  at  least  in  part  —  to  closure  mecha¬ 
nisms  ( see  e.g. Ref.  112),  were  largely  absent  for 
short  cracks.  In  this  regard  it  is  useful  to  com¬ 
pare  data  for  short  and  long  cracks  at  high  load 
ratios,  since  closure  effects  are  then  minimal 
even  for  long  cracks.  This  has  been  done  for 
crystallographic  near-threshold  fatigue  in  nickel- 
base  alloys,60  and  the  threshold  for  short  cracks, 
despite  being  60%  smaller  than  the  long  crack 
threshold  at  ft  =  0.1,  was  approximately  equal  to 
the  long  crack  threshold  at  ft  =  0.7. 

Finally,  large  differences  in  the  behaviour  of 
long  and  short  cracks  can  arise  at  stress  inten¬ 
sities  well  outside  the  threshold  regime,  because 
of  environmental  factors.11’54,130  As  shown  in 
Fig.  29,  the  results  obtained  by  Gangloff11,54  have 
demonstrated  that  corrosion  fatigue  crack  growth 
rates  of  physically  short  cracks  in  AISI  4130  steel 
tested  in  aqueous  NaCl  solution  can  be  one  to  two 
orders  of  magnitude  faster  than  the  corresponding 
growth  rates  of  long  cracks  at  the  same  Aft  value. 
This  unique  environmentally  assisted  propagation  of 
short  cracks  was  attributed  to  differing  local  crack 


tip  environments  as  a  function  of  crack  size. 
Specifically.  Gangloff  argued  that  the  local  concen¬ 
tration  of  the  embrittling  species  within  the  crack 
depends  on  the  surface -to -volume  ratio  of  the 
crack,  on  the  diffusive  and  convective  transport  of 
the  embrittling  medium  to  the  crack  tip.  and  on 
the  distribution  and  coverage  of  active  sites  for 
electrochemical  reaction,  all  processes  sensitive 
to  crack  depth,  opening  displacement,  and  crack 
surface  morphology ,54’ 57  Analogous,  yet  less 
spectacular,  environmental  crack  size  effects  may 
also  arise  in  gaseous  environments  or  in  the 
presence  of  internally  charged  hydrogen  where, 
for  example,  the  presence  of  hydrogen  may  induce 
an  intergranular  fracture  mode.  The  rough  crack 
surfaces  that  tend  to  be  produced  by  this  failure 
mechanism  would  lead  to  roughness  induced 
closure,  which  again  directly  influences  the  long 
crack  phenomenon  of  a  reduced  AA'eff  (mv  e.g. 

Ref.  142). 

These  differences  in  the  behaviour  of  fatigue 
cracks  of  different  size  provide  clear  examples  of 
how  the  fracture  mechanics  similitude  concept  car, 
break  down.  The  stress  intensity,  although 
adequately  characterizing  the  mechanical  driving 
force  for  crack  extension,  can  account  for  neither 
the  chemical  activity  of  the  crack  tip  environment 
nor  the  local  interaction  of  the  crack  with  micro- 
structural  features.  Since  these  factors,  together 
with  the  development  of  crack  closure,  are  a 
strong  function  of  crack  size,  it  is  actually 
unreasonable  to  expect  the  growth  behaviour  of 
long  and  short  cracks  to  be  identical.  Thus,  in  the 
absence  of  the  similitude  relationship,  the  analysis 
and  utilization  of  laboratory  fatigue-crack  propaga¬ 
tion  data  to  predict  the  performance  of  in-service 
components  in  which  short  cracks  are  present 
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becomes  an  extremely  complex  task;  a  task  which 
demands  an  immediate  and  major  effort  from  both 
researchers  and  practising  engineers  alike. 

CONCLUDING  REMARKS 

The  problem  of  short  cracks  must  be  recognized 
as  one  of  the  most  important  and  challenging  topics 
currently  faced  bv  researchers  in  fatigue.  Not 
only  is  it  a  comparatively  unexplored  area 
academically,  but  it  also  raises  doubts  about  the 
universal  application  to  the  characterization  of 
sub-critical  flaw  growth  of  fracture  mechanics, 
the  misuse  of  which  can  result  in  overestimates 
of  defect-tolerant  lifetimes.  It  is  an  area  that, 
represents  an  interface  between  the  fracture 
mechanics  methodologies  dealing  specifically  with 
the  macroscopic  growth  of  fatigue  cracks  and  the 
classical  engineering  mechanics  methodologies 
dealing  with  total  life  and  engineering  concepts  of 
(macro-)  crack  initiation  (as  depicted  in  Fig.  1). 

As  discussed  in  the  introductory  section,  the  last 
process,  of  macrocrack  initiation,  is  simply  the 
growth  of  short  cracks  (microcracks).  The  pro¬ 
cess  of  the  initiation  of  short  cracks  (microcrack 
initiation)  has  not  been  treated  explicity  in  this 
paper  as  it  has  been  the  subject  of  several 
recent  reviews  (mu  e.g.  Refs.  7.  143,  144).  Suffice 
it  to  say  that  such  small  cracks  tend  to  initiate  at 
constituent  particles  (i.e.  inclusions  and  inter- 
motallics.  as  shown  in  Fig.  9)  in  commercial 
materials  (see  e.g.  Refs.  39.  41.  145),  whereas  in 
pure  metals  and  alloys  their  initiation  is  often 
associated  with  emerging  planar  slip  bands 
called  persistent  slip  bands  (PSBs)  tsee  e.g. 

Ref.  143,  144.  146,  147).  In  fee  metals,  such  small 
cracks  appear  to  initiate  via  a  crystallographic 
stage  I  mechanism  along  the  PSB.  as  shown  in 
Fig.  35  (Ref .  148).  although  the  specific  mechanisms 
of  initiation  and  their  relation  to  the  PSBs  vary 
markedly  from  material  to  material.1  11 


In  the  present  paper  an  attempt  has  bet  n 
made  to  provide  a  critical  overview  of  recent 
experimental  studies  on  the  growth  of  small 
fatigue  cracks,  and  specifically  to  outline  the 
mechanical,  metallurgical,  and  environmental 
reasons,  as  to  why  the  behaviour  of  such  cracks 
should  differ  from  the  behaviour  of  long  crack-. 

The  intention  has  not  been  to  present  a  forma! 
analysis  of  each  of  these  factors,  since  in  most 
cases  such  an  analysis  is  simply  not  possible,  tun 
rather  to  give  a  thorough  review  of  the  many 
interdisciplinary  factors  which  may  be  relevant 
to  the  short  crack  problem.  It  has  been  conclude -d 
that  differences  in  the  behaviour  of  short  and  i  r.g 
cracks  are  to  be  expected,  and  that  such  differ¬ 
ences  can  arise  from  a  number  of  distinct 
phenomena: 

(i1  inadequate  characterization,  of  the  mechanics 
of  crack  tip  stress  and  deformation  fields  t 
short  cracks,  including  the  neglect  of  higher 
order  terms  for  the  elastic  singularity  and. 
the  presence  of  extensive  local  crack  tip 
plasticity 

(ii)  notch  tip  stress  and  deformation  field  •  tb  ms 
(for  cracks  emanating  from  notches 

(iii)  the  interaction,  including  deflection,  t  >h  y 
cracks  with  mierostructural  features  such  ts 
grain  boundaries,  inclusions,  and  second  pnas.-«. 
of  dimensions  comparable  in  size  with  the 
crack  length 

(iv)  differences  in  crack  shape  and  geometry 

(v)  differences  in  crack  extension  mechanism 

(vi)  the  effect  of  crack  closure  varying  with  crac.-t 
length 

(vii)  differences  in  the  local  crack  tip  environments. 

Each  of  these  factors  represents  a  formidable 
challenge  in  fatigue  research  because  of  the  c  im¬ 
plex  nature  of  both  experimental  and  theoretical 
studies,  yet  they  are  of  great  importance  to  an. 
understanding  of  the  anomalous  behaviour  of  short 
flaws.  This  problem  will  undoubtedly  come  to 


35  Transmission  electron  micrograph  of  stage  I  small  cracks  propagating  within  persistent  slip  bands, 
showing  ladder-like  dislocation  substructures  in  fatigued,  polycrystalline,  high  purity  copper.  Insets 
show  corresponding  optical  micrograph  of  cracks  and  electron  diffraction  pattern1 18 
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assume  even  greater  significance  in  the  future 
since,  with  improvements  in  the  science  and 
practice  of  non-destructive  testing,  the  projected 
lifetime  of  a  fatigue  flaw  in  the  short  crack  regime 
will  become  an  increasingly  larger  proportion  of 
the  total  life. 
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Book  review 

The  role  of  crack  growth  in  metal  fatigue,  L.  P. 
Pook,210  x  148  mm.  157  pp,  paperback,  1983, 
London,  The  Metals  Society,  UK  £15.00  (Members 
£12.  00),  Overseas  $30.00  (Members  $24.00) 

I  thoroughly  enjoyed  this  well  written  book.  It  is 
pitched  at  a  relatively  advanced  level,  so  that  the 
reader  must  have  had  some  previous  introduction 
to  fracture  mechanics  and  to  metallurgy.  But  it  is 
most  refreshing  to  have  a  short  account  of  metal 
fatigue  based  on  such  a  wealth  of  practical  experi¬ 
ence.  and  from  the  standpoint  of  a  mechanical 
engineer. 

The  book  is  not  at  all  comprehensive:  it  is 
based  largely  on  work  at  the  National  Engineering 
Laboratory,  East  Kilbride,  and  is  very  much  con¬ 
cerned  with  the  framework  of  fracture  mechanics 
which  treats  the  growth  of  cracks  larger  than  the 
grain  size.  There  is  no  mention  of  the  Coffin— 
Manson  law'  and  only  a  few  sentences  on  the 
J- integral,  so  transatlantic  readers  may  be  dis¬ 
appointed,  The  process  of  crack  nucleation  by 
plastic  flow  in  smooth  specimens  is  scarcely 
mentioned.  The  book  is  really  a  welcome  distil¬ 
lation  of  the  earlier,  much  longer  book  by  the 
NEL  team  of  Frost,  Marsh,  and  Pook. 


Am  I  right  in  thinking  that  with  the  wide 
acceptance  of  the  framework  of  fracture  mechanics 
the  next  step  is  to  incorporate  into  the  design  of 
structures  features  which  will  make  the  monitorine 
of  cracks  easier  or  even  perhaps  automatic,  such 
as  built-in  ultrasonic  transducers?  This  vision  of 
design  philosophy  is  hinted  at  in  various  places  in 
the  book,  and  is  a  current  topic  of  discussion  amone 
workers  in  the  field.  If  it  comes  about,  it  will  be 
a  spectacular  vindication  of  the  scientific  view  of 
fatigue  as  the  cycle-by-cycle  growth  of  a  crack. 

In  the  final  chapter.  Dr  Pook  suggests  that  the 
next  step  in  understanding  fatigue  is  likely  to 
emerge  from  a  fresh  look  at  fatigue  behaviour  on 
an  atomic  or  near-atomic  scale.  One  cannot  but 
agree.  It  is  now  up  to  those  working  in  the  area  of 
crack  nucleation  and  persistent  slip  to  produce  as 
readable  a  short  account  of  their  work  as  Dr  Pook 
has  produced  of  his,  to  demonstrate  to  mechanical 
engineers  and  designers  that  considerable  under¬ 
standing  at  this  level  has  in  fact  emerged  from 
recent  work.  I  am  certain  that  every  scientist 
concerned  with  the  phenomenon  erf  fatigue  will 
appreciate  Dr  Pook's  exposition  of  his  point  of  view. 

L.M.  BROWN 
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ABSTRACT 

Crack  size  and  opening  morphology  dominate 
the  mechanical  and  chemical  driving  forces  for 
fatigue  propagation  in  embrittling  environments. 
Similitude  based  on  a  crack  tip  field  parameter  is 
compromised,  particularly  for  small  cracks  (<  5  mm) 
which  grow  up  to  several  orders  of  magnitude  faster 
than  projected  and  below  apparent  threshold 
conditions.  Environment  sensitive  mechanical  and 
chemical  mechanisms  which  govern  the  growth  of  small 
cracks  are  reviewed.  For  the  former  the  retarding 
effect  of  crack  closure;  originating  from  wake 
plasticity,  surface  roughness,  deflection,  corrosion 
debris  or  fluid  pressure;  Increases  with  Increasing 
crack  size  particularly  within  the  near  threshold 
regime.  Data  for  high  strength  steel  in  H2 
demonstrate  the  importance  of  such  mechanisms, 
however,  precise  models  of  crack  size  dependencies 
and  systematic  closure  measurements  are  lacking. 
Considering  the  chemical  driving  force,  the 
embrittling  activity  of  the  occluded  crack  differs 
from  that  of  the  bulk  environment,  and  Is  geometry 
dependent.  The  deleterious  Influence  of  small  crack 
size  Is  demonstrated  experimentally  for  steels  in 
aqueous  chloride  solutions,  and  related 
quantitatively  to  crack  opening  shape  and  size 
effects  on  diffusion,  convective  mixing  and 
electrochemical  reaction.  Small  crack  size  promotes 
hydrogen  embrittlement  due  to  enhanced  hydrolytic 
acidification  and  reduced  oxygen  Inhibition. 

Chemical  crack  size  effects  are  material  and 
environment  specific;  criteria  defining  limiting 
crack  sizes  and  opening  shapes  for  K  or  J-based 
similitude  do  not  exist. 
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1.  INTRODUCTION 

Fracture  mechanics  analyses  of  subcritical  crack 
propagation  are  based  on  the  fundamental  notion  that  a 
characterizing  parameter  such  as  stress  intensity  (K)  or  the  J 
integral  describes  remote  loading  and  geometry  effects  on  crack  tip 
stress  and  strain  distributions,  and  hence  the  kinetics  of  slow 
growth. (1-3)  By  similitude,  cracks  extend  at  equal  rates  when 
subjected  to  equal  mechanical  driving  forces.  Fracture  mechanics 
scaling  of  laboratory  data  to  predict  component  life  is  established, 
only  in  part,  for  fatigue  and  statically  loaded  cracks  in  benign  and 
embrittling  envi ronments. (4-8)  Recent  investigations  indicate  that 
stress  intensity-based  similitude  must  be  modified  to  account  for 
plasticity, (9)  crack  motion, (10)  closure, (11)  deflection, (12)  crack 
size, (13)  and  envi ronment. (14) 

Extensive  data  demonstrate  that  short  cracks  grow  faster 
than  projected  and  below  apparent  threshold  conditions  compared  to 
long  crack  (25-50  mm)  kinetics  at  constant  stress 
intensity. (11,13,15-30)  Typically  for  benign  environments,  the 
limiting  crack  size  for  deviations  from  K-based  similitude  increases 
from  10  i/n  for  high  strength  alloys  to  about  1  mm  for  low  strength 
materials,  as  reviewed  from  a  mechanical  perspective. (11,13,15- 
17,31) 


In  active  environments  rates  of  fatigue  crack  propagation 
are  controlled  by  interrelated  mechanical  and  chemical  driving 
forces. (32,33)  Critically,  each  driving  force  is  crack  size,  shape 
and  applied  stress  sensitive.  The  theses  of  this  review  are  that 
small  crack  size  Influences  uniquely  the  mass  transport  and  reaction 
components  of  the  chemical  driving  force,  and  that  environmental 
modifications  of  the  mechanical  driving  force  are  novel  within  the 
short  crack  regime.  Mechanical  and  chemical  factors  which  lead  to 
breakdowns  In  similitude  for  small  fatigue  cracks,  and  which  are 
traceable  to  environmental  effects,  are  characterized  separately. 

Data  establish  the  importance  and  complexity  of  small 
crack -embrittling  environment  Interactions.  Threshold  stress  versus 
crack  size  results  In  Fig.  1  Indicate  threshold  stress  intensity 
range  (aKq)  control  for  long  cracks,  and  constant  stress  or 
endurance  limit  control  for  very  short  cracks  in  13Cr  steel  at  two 
stress  ratios  (R ) . (20)  While  similar  size  dependencies  are  observed 
for  moist  air  and  liquid  water,  crack  growth  deviates  from  aKq 
control  at  larger  limiting  crack  sizes  for  the  later  environment. 
Embrittlement,  evidenced  by  reduced  stress.  Is  promoted  for 
decreased  crack  size  and  lower  R.  Geometry  sensitive  chemical  and 
mechanical  closure  effects  contribute  to  the  trends  depicted  in  Fig. 
1.  The  potential  for  small  crack  chemical  contributions  to 
corrosion  fatigue.  Independent  of  mechanical  effects.  Is  Illustrated 
in  Fig.  2.(21,24)  Cracking  in  vacuum  and  moist  air  is  defined 
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FIG.  1.  Variation  of  fatigue 
threshold  stress  with  crack 
length  for  cast  13Cr  steel  in 
air  and  water  at  two  stress 
ratios.  Note  aKq  control  for 
long  cracks  and  endurance 
stress  control  for  short 
cracks.  After  Usami  and  Shida 
(1979). 


.001  .01  .10  1.0  10 
EftacUv*  Crack  Length  (mm) 

uniquely  by  aK,  independent  of  crack  size  and  applied  stress.  In 
contrast  small  cracks  in  aqueous  NaCl  grow  up  to  300  times  faster 
then  long  cracks  at  constant  aK.  A  multiplicity  of  da/dN-AK 
relations  is  observed;  chemical  embrittlement  is  enhanced  for 
decreased  crack  size  or  reduced  stress,  and  correlates  with  crack 
opening  shape. (14)  Data  in  Fig.  3  demonstrate  the  role  of  crack 
closure  independent  of  chemical  effects. (34-38)  Based  on  long  crack 


FIG.  2.  Crack  growth  rate 
versus  stress  Intensity  range 
data  for  variably  sized 
cracks  In  high  strength  (1330 
MPa)  4130  steel.  Note  the 
accelerated  growth  of 
physically  short  cracks  only 
In  aqueous  NaCl,  and  the 
stress  dependence  of  small 
crack  corrosion  fatigue  (a a 
values  are  listed  for  surface 
cracks).  After  Gangloff 
(1984). 
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FIG.  3.  Influence  of  load  ratio  and  environment  on  fatigue 
propagation  of  long  (~  50  mm)  cracks  In  low  strength  bainitic 
2  l/4Cr-lMo  steel  (aQ  =  500  MPa)  In  moist  air,  dry  helium  and 
hydrogen  gases  at  R  =  0.05  and  0.75.  Note  the  contrasting 
effect  of  environment  at  near-threshold  and  higher  growth 
rates.  After  Suresh  and  Ritchie  (1982). 

measurements  and  applied  stress  Intensity,  hydrogen  embrittlement 
predominates  for  high  aK  low  frequency  conditions,  whereas  closure 
dominates  crack  growth  at  high  frequencies  In  the  near-threshold 
regime.  Reduced  rates  of  growth  correlate  with  low  R  and  moist 
environments  which  promote  corrosion  debris  and  crack  surface 
contact.  Faster  growth  rates  are  observed  for  high  R  and 
environments  such  as  He  and  which  maintain  clean  crack  surfaces. 

Environment-assisted  growth  of  small  fatigue  cracks; 
nucleated  from  corrosion  pits,  weld  defects,  scratches,  porosity  or 
Inclusions;  Is  an  Important  failure  mode  often  dominating  total 
life. (39-44)  In  an  example  of  a  pipeline  carrying  H?S  contaminated 
oil, (39)  85%  of  an  87  year  (predicted)  fatigue  life  is  associated 
with  the  growth  of  a  0.5  mm  starting  flaw  to  1.0  mm.  Accelerated 
short  crack  growth  (e.g..  Fig.  2)  could  reduce  total  life  by  50  to 
100  fold.  To  date,  however,  most  life  prediction  analyses  have 
scaled  long  crack  data,  without  accounting  for  short  crack - 
environment  Interactions. (45,46) 


2.  SMALL  CRACK-ENV I ROIME  NT  INTERACTIONS: 
MECHANICAL  DRIVING  FORCE 

2.1  CONCEPT 

Of  the  factors  contributing  to  crack  size  similitude 
problems  through  effects  on  the  mechanical  driving  force,  local 
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plasticity,  crack  deflection  and  crack  closure  are  of  major 
Importance  as  illustrated  in  Fig.  4.(11,13,15-20)  Each  of  these 
processes  can  be  modified  strongly  by  an  embrittling  environment, 
for  example  through  the  role  of  adsorbed  hydrogen  in  affecting 
dislocation  behavior,  or  the  enhancement  of  crack  closure  through 
crack  surface  corrosion  products  or  roughness.  We  examine  the 
influence  of  environment  on  the  processes  affecting  the  mechanical 
driving  force,  and  highlight  effects  unique  to  small  cracks. 


2.2  ACTIVE  CRACK  TIP  PLASTICITY 

A  primary  reason  for  crack  size  effects  is  the 
inappropriate  characterization  of  crack  tip  fields.  Inaccuracies 
result  from  the  use  of  linear  elastic  fracture  mechanics  to  describe 
crack  growth  behavior  in  the  presence  of  extensive  local  plasticity, 
i.e.,  where  crack  length  (a)  is  comparable  with  the  extent  of  the 
active  plastic  zone  ahead  of  the  crack  tip,  r  -  (l/2ir)(Kj/a0)  ,  or 
where  the  crack  Is  embedded  within  the  straln^field  of  a  notch  (Fig. 
4a).  Plasticity  effects  may  dominate  at  crack  sizes  below  a 
limiting  length  zQ,  given  by  1/w(aK p/Aae)  ,  where  aK  Is  the  long 
crack  threshold  and  Acre  is  the  smooth  bar  fatigue  limit. (25,47) 

The  extent  of  local  plasticity  is  often  influenced  by 
environment. (48)  There  is  clear  experimental  evidence  that 
dissolved  hydrogen  can  affect  the  flow  stress  of  material s. (48,49) 

In  high  purity  iron  softening  is  observed  at  temperatures  above  200 
K,  whereas  hardening  is  seen  at  lower  temperatures.  In  steels 


Active  Plastic 
Zoos 


Corrosion  Oebns 


•)  Crack  Tip  Plaaticity  d)  Corroaion  Product- 
**.*««*  ax*.  Inauc*  Cl0min 
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f)  FtwO  Prowl  if.  Indued 
Ootura 


FIG.  4.  Schematic  Illustrations  of  mechanisms  for  breakdowns  in 
similitude  relevant  to  small  fatigue  cracks  in  embrittling 

envi ronments. 
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conversely,  softening  has  been  associated  with  single  slip 
deformation  and  hardening  with  multiple  slip,  and  the  environmental 
Influence  declines  with  increasing  alloy  strength.  The  mechanisms 
for  hydrogen  effects  on  plasticity  are  imprecise. (48)  Hydrogen 
segregation  to  dislocation  cores  enhances  double  kink  nucleation  on 
screw  dislocations  which  facilitates  movement.  (The  effect  on  edge 
dislocations  may  be  exactly  the  reverse.)  Softening  may  also  result 
from  the  formation  of  voids  induced  by  high  fugacity  hydrogen  (i.e. , 
during  charging).  Hardening  is  related  to  hydrogen  atmospheres  on 
dislocations  or  Increased,  hydrogen-stabi 1 ized  vacancy 
concentrations,  factors  which  may  impede  dislocation  motion. 

With  respect  to  fatigue  crack  growth,  in  situ  measurements 
in  7075-T651  aluminum  alloys  indicate  decreased  crack  tip 
plasticity,  in  the  form  of  reduced  crack  tip  fracture  strains,  in 
water  vapor  compared  to  dry  nitrogen  and  due  to  the  embrittling 
effect  of  hydrogen. (50)  Conversely,  recent  studies  of  aluminum  show 
fatigue  cracks  to  remain  sharp  when  exposed  to  inert  atmospheres, 
due  to  a  Mode  II  +  I  opening,  yet  to  become  blunt  in  moist  air  where 
purely  Mode  I  opening  occurs. (28)  The  contributions  of  crack  tip 
shape,  closure,  deflection  and  chemical  embrittlement  are  not  fully 
understood. 

While  a  fundamental  mechanism  for  environment-crack  tip 
deformation  interactions  is  not  available,  it  is  clear  that 
environmental  effects  on  plasticity  and  crack  opening  morphologies 
are  crucial  for  the  small  crack  regime. (28)  To  alleviate  the 
problem  of  local  plasticity,  the  use  of  non-linear  elastic  fracture 
mechanics,  specifically  Involving  the  aJ  parameter,  has  been 
suggested. (9,17,25)  Data  for  short  surface  cracks  in  elastic- 
plastic  low  cycle  fatigue  samples  correlated  with  conventional  long 
crack  results,  through  the  use  of  aJ  in  place  of  aK  as  the 
generalized  crack  driving  force. (12,25)  In  balance,  however,  this 
approach  is  imprecise  for  small  cracks  in  elastically  loaded 
material.  The  use  of  J  Is  questionable  for  crack  growth,  since  it 
is  strictly  defined  for  monotonic,  increasing,  proportional 
loading. (2,3)  Environmental  effects  on  material  flow  properties 
must  be  defined,  and  the  resultant  influence  on  small  crack  driving 
force  quantified. 


2.3  CRACK  TIP  MAKE  PLASTICITY 

In  addition  to  active  plasticity  ahead  of  the  crack,  it  is 
necessary  to  consider  the  enclave  of  prior  plastic  zone  left  behind 
the  crack  tip,  particularly  when  crack  size  approaches  the  scale  of 
local  plasticity  (Fig.  4b).  Recent  asymptotic  analyses  of 
monotonical ly  loaded,  Mode  I  non-statlonary  cracks  Indicate  that  the 
crack  tip  strain  singularity  weakens  as  the  crack  moves. (10) 
Specifically  In  the  limit  as  r  ♦  0,  the  plastic  strain  distribution, 
Yp ( r ) ,  is  given  in  terms  of  an  effective  plastic  zone  size  (ry)» 
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Poisson's  ratio  (v)  and  constant  (m)  as: 


dJ 

da 


1.88(2  -  v)a 


r' 


tn  (-—*■) 


(1) 


Thus,  due  to  wake  plasticity  behind  the  growing  crack,  crack  tip 
strains  decay  as  zn(l/r),  rather  than  as  l//r  or  1/r  for  a 
stationary  crack  in  a  linear  elastic  or  perfectly  plastic  solid. 

This  Implies  that  at  a  fixed  Kj  or  J,  the  plastic  strains  ahead  of  a 
stationary  crack  exceed  those  ahead  of  a  slowly  moving  crack  with 
its  trailing  wake  of  plasticity.  More  importantly  since  short 
cracks  sized  below  r  have  by  definition  a  limited  wake,  larger 
plastic  strains  musr  occur  ahead  of  a  moving  short  crack  compared  to 
the  equivalent  long  crack  at  the  same  Kj  or  J.  Recent  in  situ  crack 
tip  deformation  measurements  on  growing  fatigue  cracks  in  /d75 
aluminum  alloy  clearly  show  this  to  be  the  case.  The  strain 
distribution  ahead  of  a  long  crack  at  low  aK  conforms  to  a  tn(l/r) 
singularity, (51)  and  corresponding  crack  tip  strains  and  opening 
displacements  for  small  cracks,  30  to  200  urn  in  length,  are 
significantly  higher. (18) 

The  effect  of  wake  plastic  zone  on  the  mechanical  crack 
driving  force  and  the  significance  to  the  crack  size  similitude 
question  Is  Influenced  by  chemical  factors  since  environment  can 
affect  plasticity.  There  Is,  however,  no  characterizing  parameter 
currently  available  which  considers  wake  plasticity  effects  as  a 
function  of  material  flow  properties,  and  which  describes  driving 
force  Independent  of  crack  size. 


2.4  CRACK  DEFLECTION 


Crack  deflection  contributes  to  a  lack  of  similitude  by 
causing  the  near  tip  driving  force  to  differ  from  the  globally 
computed  Kj  or  J  (Fig.  4c). (15)  In  general  Mode  I  crack  growth  data 
are  correlated  In  terms  of  Kj  or  J  assuming  a  linear  crack  oriented 
perpendicular  to  the  maximum  tensile  stresses.  Crack  paths  can, 
however,  deflect  out-of -plane  due  to  metallurgical  and  environmental 
interactions  such  that  the  local  driving  force  at  the  crack  tip  is 
reduced. (12)  For  an  elastic  crack  deflected  through  an  angle  e  and 
subjected  to  tensile  and  shear  loads,  the  local  Mode  I  and  Mode  II 
stress  Intensity  factors,  k^  and  k2»  are  given  In  terms  of  the 
nominal  stress  Intensities,  K?  and  KTT,  and  angular  functions 
ai j(e)»  as:  (52) 

kl  *  all(0)  KI  +  a12(0)  KII  ’ 


k 


2 


a2i(0)  Kj  +  a ggf®)  Kjj 


(2) 
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For  a  simply  kinked  elastic  crack,  deflection  through  0  =  45°  yields 
k,  -  0.8Kj  and  k2  -  0.3Kj.  The  45°  crack  path  deflection  induces  a 
significant  Mode  II  shear  component  at  the  crack  tip  and  reduces  the 
effective  driving  force  by  roughly  15%, (12) 

Fatigue  crack  deflection  is  promoted  by  microstructure  in 
duplex  structures, (12,53)  and  at  lower  &K  levels  where  crack  growth 
may  be  crystallographic,  particularly  for  coarse  planar  slip 
materials. (54,55)  The  effect  can  be  striking  for  mlcrostructural ly- 
small  cracks  where  prolonged  retardation  periods  or  arrest  are 
observed  as  such  cracks  encounter  and  reorient  at  grain 
boundaries. (12,26)  The  crack  size  dependence  upon  the  mechanics  of 
crack  deflection  (e.g. ,  Eq.  (2))  remains  unsolved. 

Environmental  factors  which  induce  a  specific  crack  path 
morphology  can  have  a  major  Influence  on  the  mechanical  crack 
driving  force  through  crack  deflection.  The  branching  of  stress 
corrosion  cracks  under  specific  material /environment /crack  velocity 
conditions, (56)  the  faceted  or  crystallographic  nature  of  the 
fracture  plane  in  certain  materials  during  corrosion  fatigue 
("brittle"  strlatlons  in  aluminum  alloys, (57))  and  most  importantly 
the  development  of  intergranular  facets  and  secondary  cracks  due  to 
hydrogen  embrittlement  or  active  path  corrosion  (4,27,48,57)  are 
examples  of  environment  induced  deflection. 

The  effect  of  crack  deflection  is  not  limited  to  modifying 
the  local  stress  intensity  for  a  stationary  crack.  Under  cyclic 
loading,  crack  deflection  induces  irregular  fracture  surfaces  and 
Mode  II  crack  tip  displacements.  Such  factors  promote  the 
development  of  crack  closure,  to  a  degree  dependent  upon  crack 
length,  thus  further  enhancing  the  discrepancy  between  local  and 
global  mechanical  crack  driving  forces. 


2.5  FATIGUE  CRACK  CLOSURE 


Crack  closure,  or  fracture  surface  contact,  during  cyclic 
loading  is  a  major  factor  contributing  to  crack  size  similitude 
effects.  At  lower  load  ratios  (below  typically  R  *  0.5)  where 
contact  occurs  at  positive  loads  (i.e.,  the  closure  stress 
Intensity,  Kc^)  during  the  cycle,  the  consequence  of  closure  Is  to 
reduce  the  nominal  driving  force  (aK  *  K_ax  -  Km1n)  to  an  effective 
value,  4Keff*Km  -  Kfl,  where  Kma  and  ftmi n  are  the  maximum  and 
minimum  applied  stress  intensities.  Crack  growth  rates  decrease  in 
response  to  the  reduced  driving  force,  but  often  correlate  with 
Crack  closure  can  result  solely  from  cyclic 
plasticity, (58)  or  may  be  developed  through  several  alternate 
mechanisms  as  Illustrated  In  Fig.  a. (53)  Closure  processes  Include 
crack  surface  corrosion  product  formation.  Irregular  fracture 
surface  morphologies  coupled  with  inelastic  shear  displacements,  and 
fluid-induced  pressure  Inside  the  crack.  Whereas  plasticity-induced 
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closure  Is  significant  at  higher  aK  levels  approaching  plane  stress, 
higher  levels  of  closure  may  be  developed  at  lower  aK  levels 
approaching  aK0  (plane  strain)  through  the  mechanisms  depicted  in 
Fig.  4. 


S 

r». 

i* 

i* 


All  closure  phenomena  contribute  to  crack  size  similitude 
breakdown  through  modifications  of  the  near-tip  mechanical  driving 
force  and  to  a  degree  dependent  upon  crack  size.  Geometry  is 
crucial  because  closure  must  act  In  the  wake  of  the  crack  tip. 

Since  short  cracks  have  a  restricted  wake,  growth  rate  retardations 
by  crack  closure  mechanisms  are  limited.  At  equivalent  nominal  aK 
levels,  short  cracks  may  propagate  faster  than  long  cracks  due  to  a 
higher  effective  stress  Intensity.  This  effect  will  diminish  as 
closure  develops  with  increasing  crack  length.  Although  there  is  a 
growing  body  of  experimental  evidence  to  support  this 
notion, (11,19,59,60)  with  the  exception  of  the  fluid  pressure- 
induced  closure  mechanism,  few  analytical  models  exist  which 
incorporate  the  crack  size  dependence  of  closure.  Furthermore, 
indirect,  geometry  dependent  chemical  effects  on  corrosion  products 
and  roughness  characteristics  have  not  been  examined. 


CLOSURE  INDUCED  BY  CYCLIC  PLASTICITY:  Elastic  constraint  of  mate¬ 
rial  surrounding  the  plastic  zone  In  the  wake  of  the  crack  front  af¬ 
fects  material  elements  plastically  deformed  at  the  crack  tip,  and 
leads  to  Interference  between  mating  fracture  surfaces.  Although 
analyses  showing  the  crack  size  dependence  of  closure  are  not  avail¬ 
able,  recent  experimental  and  numerical  studies  indicate  that  the 
effect  of  closure  diminishes  at  small  crack  sizes. (11,19,59-61)  Un¬ 
published  results  by  Heubaum  and  Fine  on  Van  80  steel  (Rg  94)  cycled 
in  moist  air  show  this  particularly  clearly,  as  reproduced  in  Fig. 

5.  High  precision  closure  measurements,  using  a  0.05  un  sensitivity 


Crack  Length  (|im) 


78  138  378 


Cyctn  ( x  1000) 


FIG.  5.  Experimental  evidence 
for  increasing  crack  closure 
f  with  Increasing  small  crack 
|  size,  based  on  compliance 
i  measurements  for  Van  80  steel 
I  cycled  in  moist  air;  R  =  0.05, 
“  Kmax  *  9  to  20  MPa/m.  After 
Heubaum  and  Fine  (1984). 
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compliance  gauge,  establish  that  closure  stress  intensity  (Kcl) 
increases  by  almost  201  for  crack  extension  from  75  to  375  ym. 
Although  small  crack  growth  rates  exceed  those  for  long  cracks  based 
on  constant  AK,  a  unique  growth  rate-driving  force  law  was  reported 
for  aKeff. 

CLOSURE  INDUCED  BY  CORROSION  PROOUCTS:  Closure  induced  by  corrosion 
products(33, 53,62-65)  is  relevant  to  environmentally  influenced 
crack  growth  when  the  size-scale  of  such  debris  approaches  crack  tip 
opening  displacements  ( v)  (Fig.  4d).  The  mechanism  is  most  potent 
at  low  R  and  at  near-threshold  stress  intensity  ranges,  especially 
in  lower  strength  materials  where  fretting  processes  during  the 
opening  and  closing  of  the  crack  enhance  oxidation  and  excess 
deposit  formation.  The  closure  mechanism  was  demonstrated  as 
significant  for  oxide  films  formed  on  alloy  steel  crack  surfaces 
exposed  to  moist  gases, (53, 62-64)  and  for  calcareous  deposits 
produced  on  structural  steel  fatigue  crack  surfaces  through 
electrochemical  reactions  with  seawater. (33,66) 

Corrosion  product  induced  closure  is  modeled  approximately 
in  terms  of  the  thickness  of  excess  film  (d)  and  the  location  of  the 
maximum  thickness  from  the  crack  tip  (2 l)  to  yield: (67) 


For  air  formed  oxide,  measured  values  of  d  (0.01  to  0.2  urn)  and  2 i 
(5un)  correspond  to  a  closure  K  of  about  1.5  MPa/m.  Significant 
levels  of  Kc1  tend  to  offset  the  embrittling  influence  of  an 
aggressive  environment  which  might  otherwise  accelerate  crack 
growth.  In  material  and  environment  systems  where  susceptibility  to 
embrittlement  Is  small,  crack  growth  rates  based  on  aK  may  appear 
slower  in  seemingly  more  corrosive  environments  (Fig.  3).  To  date, 
no  analytical  representation  of  the  crack  size  dependence  of 
reaction  product  closure  has  been  derived.  Apart  from  size  effects 
on  the  mechanics  of  closure,  the  thickness  and  composition  of 
reaction  products  are  determined  by  mass  transport  and 
electrochemical  reaction,  processes  which  are  crack  geometry 
sensitive  as  developed  in  ensuing  sections. 

CLOSURE  INDUCED  BY  FLUID  PRESSURE:  Environment  may  influence  crack 
closure  through  the  hydrodynamic  wedging  effect  of  fluids  inside  the 
crack  during  cyclic  loading  (Fig.  4f) .(37,39,59)  Fluids  may  induce 
an  internal  pressure  relatable  to  a  stress  Intensity  (K*ax)  which 
opposes  the  opening  and  principally  the  closing  of  the  crack,  and 
which  reduces  the  effective  stress  intensity  range  at  the  tip  to 
*eff  ’/max  -,fon  l  'fox-  This  mechanism  results  In  frequency  and 
viscosity  sensitive  fatigue  crack  growth  rates  in  inert  fluids. 
Trends  In  behavior  with  these  variables  are  difficult  to  predict 
since  higher  viscosity  fluids,  which  Induce  higher  fluid  pressures. 
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are  kinetlcally  limited  In  their  ability  to  fully  ingress  into  the 
crack. (59) 


Experimental  and  theoretical  analyses  of  fluid  pressure 
closure  provide  estimates  of  K.i  as  a  function  of  frequency, 
viscosity  and  crack  size. (38,59)  Internal  fluid  pressure  p(x)  is 
distributed  along  a  crack  of  depth,  a,  and  average  opening 
width, <h>,  according  to: 


or 


max 


P(x)  -  6np^f 


a2  tn(l 


-  x/a),  for  d/a  =  1 


max 


P(x) 


x(x  -d) 


for  d/a  <  1 


(4) 


where  p  is  fluid  density  and  n  is  kinematic  viscosity.  The  extent 
of  fluid  penetration  (d)  during  a  fatigue  load  cycle  is  time 
dependent  and  estimated  based  on  capillary  flow  to  be: 


a2(t)  /'  <h>dt 


(5) 


where  6  is  the  wetting  angle  and  y  is  surface  tension.  This 
analysis  suggests  that  the  magnitude  of  closure  typically  saturates 
at  Kci/Kmax  values  approaching  0.5,  based  on  fluid  viscosities 
between  t>  and  60,000  cS  and  growth  rates  between  10“°  and  10"  3 
mm/cycle,  indicating  that  the  mechanism  Is  less  potent  than  oxide  or 
roughness-induced  closure. (59) 


Equations  4  and  5  predict  that  fluid  pressure,  and  hence 
the  degree  of  closure,  are  related  to  crack  size  and  are  diminished 
at  smaller  crack  lengths.  Predictions  of  closure  stress  intensity 
(K*  )  due  to  fluid  pressure,  generated  by  oils  of  viscosities 
varying  from  5  to  60,000  cS,  are  shown  In  Fig.  6  for  a  2  l/4Cr-lMo 
steel  cycled  at  R  *  0.05  and  50  Hz.  K*  decreases  as  crack  length 
approaches  zero,  and  to  a  degree  dependent  upon  viscosity.  At  a 
fixed  nominal  tk,  the  smaller  crack  experiences  a  higher  effective 
driving  force,  and  hence  propagates  at  a  faster  speed. 


CLOSURE  INDUCED  BY  FRACTURE  SURFACE  ROUGHNESS:  Environmental 
factors  can  Influence  the  extent  of  crack  closure  through  an  effect 
on  fracture  morphology  (Fig.  4e).  Irregular  fracture  surfaces; 
produced  by  microbranching,  Intergranular  separation  or  crystal¬ 
lographic  cleavage,  together  with  local  mixed  mode  crack  tip 
displacements;  promote  roughness  induced  closure  during 
unloading. (34,35,64,68,69)  K_i  Is  developed  through  premature 
contact  of  pronounced  asperities.  For  example,  in  high  strength 
steels  where  near-threshold  growth  rates  are  often  lower  in 
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FIG.  6.  Evidence  for  decreased 
Kci  at  small  crack  lengths 
based  on  predictions  of  fluid- 
induced  closure  forces  for 
crack  propagation  in  silicone 
and  paraffin  oils.  K*ax  is 
the  stress  intensity  resulting 
from  fluid  pressure  and  is 
equivalent  to  Kci.  After 
Tzou,  Hseuh,  Evans  and  Ritchie 


(1984). 
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potentially  embrittling  gaseous  hydrogen  environments  compared  to 
moist  air,  the  intergranular  nature  of  hydrogen-induced  fracture 
surfaces  promotes  fretting  corrosion  debris  and  asperity  contact 
during  cyclic  loading,  leading  to  closure  of  varying  degrees  in  each 
envi ronment. (36,60) 

Roughness  induced  closure  is  modeled  in  terms  of  the 
extent  of  surface  roughness,  or  the  ratio  of  asperity  height  to 
width  (y),  and  the  ratio  of  Mode  II  to  Mode  I  crack  tip 
di spl acements  ( y) : (68) 


Kc1  is  significant  at  low  R  and  for  crack  tip  displacements 
comparable  with  asperity  size. (68,69)  Crack  size  may  influence 
both  the  degree  of  fracture  surface  roughness  through  a  chemical 
mechanism  and  the  level  of  Kc^  based  on  crack  mechanics.  The  latter 
geometry  effect  has  not  been  analyzed  to  date,  while  the  former 
mechanism  is  considered  in  Section  3. 


2.6  HYDROGEN  ASSISTED  GROtfTH  OF  SMALL  CRACKS  IN  STEEL 

A  novel  small  fatigue  crack -envi ronment  Interaction, 
traceable  to  the  combined  effects  of  mechanical  closure  and  chemica’ 
transport,  is  summarized  in  Fig.  7  for  4340  steel  (o  *  1030  MPs) 
stressed  In  either  gaseous  hydrogen  or  helium.  At  low  R  (Fig.  7a' 
0.1  to  1  mm  edge  cracks  grow  five  times  faster  than  long  (25-50  mm 
cracks  In  compact  tension  specimens  at  constant  &K  and  in  h0. 
Cracking  in  He  Is  well  defined  by  aK  independent  of  crack 
size  for  this  class  of  steels  (e.g..  Fig.  2  and  Refs.  13. 
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STRESS  NTENSfTY  RANGE  (MPflW'*)  STRESS  NTENSTTY  RANGE  (MPcAn'") 


(a)  (b) 

FIG.  7.  The  effect  of  crack  size  on  fatigue  growth  kinetics 
for  4340  steel  (oQ  *  1030  MPa)  exposed  to  purified  (95  kPa) 

Hg.  (a)  0.1  to  1  mm  edge  and  25  to  50  mm  compact  tension 
cracks  at  R  >  0.1.  Note  the  accelerated  growth  of  small 
cracks,  (b)  Edge  and  surface  cracks  for  R  »  0.7.  Note  the 
similar  growth  rates  for  long  and  short  cracks  at  high  R  and 
the  role  of  closure  for  long  cracks  at  low  R. 

The  breakdown  In  similitude  for  small  cracks  Is  also  observed  for 
higher  strength  (o  *  1360  MPa)  4130  steel  In  Ho. (70)  At  the  high  R 
value  where  closure  Is  minimized,  growth  rates  for  the  long  crack 
approach  short  crack  speeds  for  ^  (Fig.  7b).  In  contrast  short 
crack  growth  rates  In  Ho  are  equivalent  at  R  *  0.1  and  0.7.  When 
low  R,  long  crack  results  are  adjusted  for  closure  based  on  &eff 
computed  from  compliance  estimates  of  K.j,  the  differences  between 
long  and  short  crack  speeds  become  small  as  shown  by  the  dashed  line 
In  Fig.  7b.  Equivalent  growth  rates  are  observed  for  cycling  from 
Km^n  to  Kmax  and  from  Kc1  to  demonstrating  the  absence  of 

damage  for  changing  stress  Intensity  below  Kc1. 

The  crack  size  effect  summarized  In  Fig.  7  Is  reasonably 
explained  based  on  closure.  Since  crack  geometry  effects  are 
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accounted  for  by  applied  aK  for  high  strength  alloys  In  Inert 
environments,  the  origin  of  the  closure  variations  must  be 
environmental.  Precise  micromechanisms  for  such  behavior  are 
uncertain,  but  the  results  are  consistent  with  a  rougher 
intergranular  fracture  surface  In  hydrogen  which  both  promotes  crack 
deflection  and  roughness  Induced  closure.  This  view  Is 
speculative.  Crack  closure  was  not  estimated  for  short  cracks,  and 
no  quantitative  model  exists  to  explain  the  crack  size  dependence  of 
Kcj  for  given  roughness.  Additionally,  roughness  differences  were 
not  quantified  for  the  cracks  represented  in  Fig.  7.(69)  Cracks 
produced  In  Ho  were  only  partially  Intergranular.  Finally,  the 
chemical  driving  force  for  embrittlement  may  be  crack  size 
sensitive,  and  contribute  to  or  dominate  mechanical  closure. 


3.  SMALL  CRACK -ENVIRONMENT  INTERACTIONS: 
CHEMICAL  DRIVING  FORCE 


3.1  CONCEPT 

Crack  size  and  opening  shape  effects  on  the  chemical 
driving  force  for  brittle  crack  growth  compromise  the  stress 
intensity  similitude  concept  for  both  static  and  cyclic  stressing. 

It  Is  unreasonable  to  assume  aprlori  that  a  mechanics  based  crack 
tip  field  parameter  will  describe  a  chemical  driving  force.  Local 
crack  chemistry  controls  environment  assisted  subcrltlcal  cracking, 
and  differs  from  that  of  the  bulk  due  to  enrichment  (or  depletion) 
of  embrittling  (or  Inhibiting)  constituents. (71)  The  chemistry  and 
embrittling  activity  of  the  occluded  crack  environment  Is  geometry 
sensitive  because  of  crack  size  and  shape  effects  on  mass  transport 
by  diffusion  and  convection,  electrochemical  potential  and  on 
reaction  kinetics. (72-78) 

Experiment  and  transport-reaction  modeling  are  required  to 
define  the  crack  size  range  where  geometry  effects  on  crack 
chemistry  are  significant  for  a  given  material  and  environment. 
Chemical  crack  size  effects  are  particularly  relevant  for  small 
cracks  because  of:  (a)  the  proximity  of  the  crack  tip  to  the  bulk 
environment  and  applied  potential ,(73,76)  (b)  the  crack  size 

dependence  of  convective  pumping, (78,79)  (c)  the  large  crack  surface 
area  to  occluded  solution  volume  ratio, (14,24)  (d)  the  likelihood  of 
tortuous  crystallographic  cracking  Influencing  transport, (54)  and 
(e)  the  sensitivity  to  localized  environment  enhanced 
plasticity. (26,28)  Geometry  effects  may  remain  constant  with 
Increasing  crack  size  beyond  a  saturation  point, (29,57)  consistent 
with  demonstrations  of  aK  similitude  for  aqueous  environments. (4- 
7,50,80) 


Chemical  crack  size  effects  are  predicted  for  a  wide  range 
of  embrittling  environments.  (24,72,73,76,77,81,82)  Experimental 
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confirmations  are,  however,  lacking  because  of  the  difficulties 
associated  with  Isolating  chemical  and  mechanical  effects  on 
similitude,  and  with  monitoring  the  growth  of  small  cracks. 


3.2  GASEOUS  ENVIRONMENTS 

THEORETICAL  MODELING:  Gaseous  environment  enhanced  fatigue  crack 
propagation  rates  are  controlled  by  the  slow  step  In  the  sequence 
Including  gas  transport,  adsorption,  diffusion,  and  chemical 
embrittlement. (29,32,72)  For  free  molecular  flow,  collisions 
between  gas  molecules  and  crack  walls  dominate  transport  and  Impede 
the  arrival  rate  of  reactive  species  at  the  crack  tip. (71,81)  Local 
gas  pressure  Is  reduced  below  the  bulk  level,  and  embrittlement  is 
decreased  provided  that  gas  transport  Is  rate  limiting. 

Gas  transport  to  the  tip  is  crack  size  and  opening  shape 
sensitive.  Impeded  flow  occurs  when  molecular  mean  free 
path  (x)  exceeds  crack  opening  displacement  (v),  with  Impedance 
beginning  for  v  below  about  100  x. (72)  Mean  free  path  equals  0.1  i/n 
for  H2,  Ng,  On  and  H2O  at  300  K  and  200  kPa  pressure,  and  varies 
inversely  with  pressure  and  the  square  of  molecular  diameter. 
Considering  an  edge  crack  loaded  to  K  *  10  MPa/m,  crack  mouth 
opening  varies  from  2  un  for  a  depth  of  0.1  mm  to  18  im  at  a  depth 
of  15  mm.  For  the  100  x  Interaction  criterion,  Impeded  flow  should 
occur  over  the  entire  length  of  the  short  crack,  but  over  a  much 
longer  length  for  the  deep  crack.  Crack  geometry  effects  are  more 
likely  for  lower  gas  pressure  (e.g.  X  «  20  at  5  kPa),  for  rough 
crack  surfaces  and  for  large  molecules  (x  »  2  mm  for  Cd  at  5  kPa) 
relevant  to  solid  metal  embrittlement. (82) 

Flow  Impedance  (I)  Is  approximated  by: (72) 

1  -  (*i  /  .  (7> 

a 

for  a  crack  of  length  a  along  x,  of  mouth  opening,  v,  at  a  stress, 
a,  the  constants  ^  and  ^  an(*  molecular  flow  starting  at  a*. 
Impedance  decreases  as  I  Increases  from  0  to  1,  and  Is  time 
dependent  during  each  stress  cycle,  o(t).  The  Integral  Is  solved  in 
equation  7  for  near  tip  displacements  (oK/(a  -  x));  alternate 
solutions  are  obtainable  for  the  complete  crack.  While  approximate, 
this  analysis  demonstrates  that  crack  tip  pressure  and  hence 
embrittling  activity  depends  on  stress,  crack  shape  and  size.  Kz 
(or  <r a)  In  equation  7  results  from  the  assumed  form  of  v(x)  between 
a*  and  a,  and  Is  not  relatable  to  a  mechanical  driving  force.  &K- 
based  similitude  Is  predicted  for  those  long  crack  cases  where 
changes  In  log  v?  due  to  Increasing  a,  have  only  a  mild  effect  on  I, 
and  for  those  gases  where  subsequent  steps  In  the  reaction  sequence 
are  fast  compared  to  transport. (83)  Alternately,  within  the  short 
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crack  regime  and  at  constant  K,  Increasing  a  results  In  decreasing  I 
and  Increasing  Impedance  until  crack  length  equals  a*.  A 
multiplicity  of  growth  rates  would  be  projected,  and  AX-based 
slmlltude  compromised. 

EXPERIMENTAL  CONFIRMATIONS:  Experimental  evidence  of  unique  small 
crack-gas  environment  Interactions  Is  limited,  since  studies  of 
embrittlement  have  not  focused  on  either  small  crack  growth  kinetics 
or  similitude.  Typically,  a K  and  crack  size  vary  simultaneously, 
complicating  Interpretation.  Wei  and  coworkers  reported  that 
constant  aK  loading  produced  constant  crack  growth  rates  independent 
of  crack  size  for  long  (>  25mm)  cracks  In  an  aluminum  alloy  in  water 
vapor,  supporting  similitude. (32)  Systemmatlc  studies  of  this  sort 
must  be  extended  to  variable  crack  size  and  shape. 

Anomalously  rapid  growth  kinetics  for  small  cracks  growing 
In  moist  air  are  not  relatable  to  chemical  influences  because 
experiments  were  not  conducted  in  an  Inert  environment  to  Isolate 
mechanical  effects. (11,13,15-17,31).  Lankford  demonstrated  rapid 
growth  rates  for  small  cracks  in  an  aluminum  alloy  exposed  to  moist 
air  at  constant  aK.{28)  A  larger  crack  size  effect  was  reported  for 
pure  No,  Indicating  that  water  vapor  transport  and  reaction  did  not 
dominate  the  crack  size-environment  Interaction. (28)  Holder 
demonstrated  that  small  fatigue  cracks  In  steel  grew  at  anomalously 
fast  rates  at  low  aK  compared  to  extrapolated  long  crack  kinetics 
for  moist  air,  but  not  In  an  inert  reference  environment. (23) 

Impeded  molecular  flow,  shielding  the  long  crack  tip  from 
embrittling  HoO  molecules,  was  Invoked.  Experiments  were,  however, 
limited  and  flow  Impedance  was  not  modeled. 

Geometry  sensitive  gas  transport  may  contribute  to  the 
effect  of  crack  size  on  hydrogen  assisted  fatigue  crack  propagation 
rates.  Fig.  7a.  1  to  100  X  equals  0.1  to  10  un  for  H2  at  300  K  and 

100  kPa.  Crack  mouth  opening  displacement  at  maximum  load  varies 
from  0.1  to  7  un  Tor  the  small  crack  geometries  and  from  40  to  200 
un  for  the  compact  tension  conditions  indicated  In  Fig.  7a.  Larger 
flow  Impedances  (Equation  7)  are  expected  for  the  long  crack.  This 
simple  analysis  does  not  consider  surface  roughness  enhanced 
molecule-wall  collisions,  and  mass  transport  due  to  convection  or 
surface  diffusion.  If  flow  Impedance  caused  the  chemical  crack  size 
effect  at  low  R,  then  growth  rates  should  be  crack  size  Independent 
at  high  R  where  the  long  crack  tip  Is  open  and  accessible  to  the 
bulk  environment.  A  stress  ratio  effect  Is  observed  only  for  the 
long  crack,  (Fig.  7b).  Gas  transport  control  Is  not,  however, 
unambiguously  Identified  because  data  are  equally  well  explained 
based  on  crack  closure.  Determination  of  the  effect  of  hydrogen 
pressure  on  the  magnitude  of  the  crack  size  effect  at  constant  aK 
would  differentiate  between  Impeded  gas  transport,  proportional  to 
Pfj1 ,  and  crack  closure,  Independent  of  PH  . 


CRACK  GROWTH  RATE  (mrry'M  I N) 
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3.3  AQUEOUS  ENVIRONMENTS 

STATIC  LORDING:  DATA  AND  THEORY  Small  crack -environment 
Interactions  during  static  loading  provide  a  basis  for  understanding 
more  complex  chemical  crack  size  effects  In  fatigue.  Superposition 
concepts  relate  the  environmental  effect  for  each  loading  mode. (84) 

Experimental  evidence  for  chemical  crack  size  effects  on 
stress  corrosion  cracking  Is  virtually  nonexistent.  Static  load 
growth  rate  data,  presented  In  Fig.  8a  for  0.1  to  2  mm  deep 
elliptical  surface  and  through  thickness  edge  cracks  In  4130  steel 
(op  =  1330  MPa)  exposed  to  3t  NaCl,  show  Stage  I,  K-Independent 
(Stage  II)  kinetics  for  replicate  specimens.  Critically,  small 
cracks  grow  at  faster  plateau  rates  and  at  stress  Intensities  well 


STRESS  INTENSITY  (kPoW'*) 

(a) 

FIG.  8.  Crack  size  effects  on  static  load  embrittlement  of  high 
strength  steels,  (a)  Growth  rate  -  K  data  for  0.1  to  2.0  iwn  deep 
cracks  In  4130  steel  ( aQ  *  1330  MPa)  exposed  to  aqueous  NaCl.  Note 
the  rapid  rates  of  growth  for  small  cracks;  after  Gangloff 
(1984).  (b)  Threshold  stress  Intensity  versus  crack  size  for 

surface  and  edge  flawed  specimens  of  4340  steel  (o0  «  1480  MPa) 
exposed  to  gaseous  H^S.  Note  the  crack  size  Independence  of  K,^rr 
supporting  similitude;  after  Clark  (1976). 
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below  the  threshold  (KjSCC),  compared  to  literature  data  for  long  (> 
20  mm)  cracks  In  similar  steels  at  constant  strength. (85)  Shahlnlan 
and  Judy  (7)  report  constant  Kj$CC  for  3.6  to  10  mm  deep  elliptical 
surface  flaws  and  deep  cracks  in  cantelever  beam  specimens  for  two 
strength  levels  (a0  *  890  and  1410  MPa)  of  4340  steel  In  3.5* 

NaCl . 


The  crack  size  effect  portrayed  In  Fig.  8a  is  traceable  to 
geometry  effects  on  the  electrochemical  processes  which  contribute 
to  embrittlement.  Cracks  at  either  size  scale  would  not  grow  In  an 
Inert  environment  at  the  K  levels  examined,  and  crack  closure  and 
corrosion  product  wedging  are  not  relevant.  Crack  size  has  no 
Influence  on  Kj$rr  f or  gaseous  embrittlement  of  a  similar  steel 
(Fig.  8b). (85)  Bnlle  embrittlement  In  aqueous  NaCl  and  gaseous  H?S 
Is  attributable  to  hydrogen,  crack  geometry  only  Influences  solution 
transport  and  electrochemical  reactions,  and  hence  the  level  of 
embrittling  hydrogen  developed,  for  the  former  environment. 
Specifically,  acidic  conditions  and  embrittling  hydrogen  are 
produced  In  the  occluded  crack  exposed  to  saltwater  based  on  Iron 
and  chrome  dissolution,  water  hydrolysis  to  produce  H*  and  cathodic 
hydrogen  and  oxygen  reductions. (65,86,87)  Turnbull  and  coworkers 
modeled  the  geometry  dependence  of  crack  potential,  pH,  dissolved 
0^,  and  cation  concentrations  leading  to  hydrogen  production;  and 
based  on  charge  and  concentration  driven  dlffuslonal  supply  of  the 
relevant  electrochemical  reactions. (55,73,74,89)  The  material, 
crack  geometry  and  K  conditions  of  Fig.  8a  were  analyzed  to  yield 
the  results  listed  In  Table  I.  Crack  tip  acidification  (pH),  the 
current  density  for  H+  reduction  (1u)  and  the  concentration  of 
embrittling  hydrogen  adsorbed  Into  the  metal  near  the  crack  tip  (CH) 
Increase  significantly  with  decreasing  crack  size.  Hydrogen 
reduction  Is  promoted  for  small  cracks  through  an  Indirect  Influence 
of  a  reduction  In  dissolution  product  concentration  by  enhanced 
diffusion.  Model  predictions  are  qualitatively  consistent  with 
crack  growth  rate  data  In  Fig.  8a  because  K decreases  with 
Increasing  CH. 
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Model  predictions  and  growth  rate  data  for  alternate 
stress  corrosion  cracking  systems  have  not  been  compared  to 
establish  the  importance  of  crack  size.  Dolg  and  Flew1tt(76)  and 
Turnbul 1 (73,79)  predict  that  crack  propagation  rates  controlled  by 
anodic  dissolution  Increase  with  decreasing  crack  size  as  shown  In 
Fig.  9  for  low  alloy  steel  In  a  boiling  caustic  solution.  Changing 
crack  size  between  0.1  and  2  mm  significantly  Influences  crack 
growth  rate,  while  the  effect  saturates  for  larger  crack  sizes. 
Applied  stress  Intensity  Is  constant,  but  growth  rate  changes  with 
crack  size  due  to  a  chemical  Influence.  Small  cracks  are  sensitive 
to  embrittlement  because  of  relatively  small  potential  differences 
between  tip  and  surface,  and  because  of  enhanced  elimination  of 
dissolution  products.  Both  phenomena  promote  rates  of  dissolution. 

Smyrl  and  Newman(88)  predict  that  diffusion  supplies  a 
propagating  stress  corrosion  crack  tip  only  for  depths  less  than  a  , 
given  by  the  ratio  of  dlffusivity  (D)  to  crack  speed.  For  a  >  ac, 
crack  growth  Is  length  dependent  at  constant  applied  K,  while  short 
cracks  propagate  at  faster  rates  which  are  not  diffusion  limited. 

For  example,  a  equals  1  mm  for  typical  values  of  D  (10‘3  nmr/sec) 
and  crack  speed  (10"3mm/sec. ,  Figure  8).  Charnock  and  Taunt(89) 
demonstrated  that  solute  penetration  by  diffusion  Into  the  occluded 
crack  solution  Is  proportional  to  /v  for  a  slowly  moving  crack  with 
chemically  reactive  crack  walls.  Environment  transport  to  the  crack 
tip  Is  enhanced  for  stress  and  geometry  factors  which  Increase  crack 
opening. 


FIG.  9.  Predicted  effect  of 
crack  size  on  static  load 
growth  rates  controlled  by 
crack  tip  anodic  dissolution 
for  low  alloy  steel  In  boiling 
NaOH  at  constant  crack 
opening.  After  Dolg  and 
Flewltt  (1983). 
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CYCLIC  LOADING:  EXPERIMENTAL  RESULTS  Small  fatigue  crack- 
environment  Interactions  have  been  investigated  only  for  low  alloy 
steels  exposed  to  aqueous  chloride  solutions,  a  system  relevant  to 
many  applications  including  offshore  structures. (33,65,80,90,91) 
Specific  data  are  summarized  in  Table  II,  where  comparisons  between 
short  and  long  crack  growth  kinetics  indicate  marked  compromises  in 
similitude. 


Important  trends  are  apparent  based  on  the  data  contained 
in  Table  II. 


i)  Small  corrosion  fatigue  cracks  always  grow  faster  (between 
1.2  and  300  times)  than  projected  based  on  long  crack 
kinetics  at  low  to  moderate  aK  and  R  values.  Crack 
size  Influences  corrosion  fatigue  growth  rates 
comparably  to  well  recognized  variables. (80) 


11)  The  size  regime  for  small  crack -environment 
Interactions  Is  below  about  3  mm.  Results  are, 
however.  Insufficient  to  exclude  a  size  effect  for 
deeper  cracks. 


Ill)  The  magnitude  of  the  small  crack  effect  decreases  with 
Increasing  a  at  constant  a  a  (increasing  aK),  with 
Increasing  a o  at  constant  a  and  with  Increasing  R. 
Crack  opening  shape,  approximated  by  mouth 
displacement,  correlates  a,  Ao,  aK  and  R 
effects. (14,24)  Stress  effects  are  not  universally 
observed. (29,30) 


TABLE  II 

SMALL  FATIGUE  CRACK— ENVIRONMENT 
INTERACTION  FOR  STEELS  IN  WATER 
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iv)  The  magnitude  of  the  small  crack  effect  decreases  with 
decreasing  yield  strength,  however,  a  systematic  study 
has  not  been  performed.  This  trend  is  consistent  with 
a  general  decline  in  both  environment  sensitivity  and 
the  effects  of  R,  frequency  and  environment  activity 
with  decreasing  strength. (80,85) 

v)  The  mechanism  for  the  crack  size  effect  is  chemical  for 
high  strength  steels,  based  on  measured  crack  growth 
rates  In  benign  environments  and  on  the  unlikely 
occurrence  of  mechanical  effects  on  similitude  for  a  > 

0.1  mm.  Mechanical  effects  may  contribute  to  the  rapid 
growth  of  short  cracks  In  low  strength  steels.  Studies 
In  an  Inert  environment  have  not  been  conducted  to 
separate  chemical  and  mechanical  effects  for  such 
steels. 

vl)  Compliance  measurements  have  not  been  reported  for 
small  cracks  In  embrittling  environments.  Environment 
enhanced  plasticity,  corrosion  product  and  roughness 
induced  closure  contributions  to  retarded  cracking 
cannot  be  assessed. 

vl 1 )  The  effects  of  cyclic  frequency,  electrochemical 

potential  and  bulk  solution  composition  on  the  kinetics 
of  small  corrosion  fatigue  cracks  have  not  been 
Investigated  extensively. (14,90) 

vl 1 1 )  Small  crack  corrosion  fatigue  studies  are  Impeded  by 
problems  In  crack  monitoring, (27)  by  the  low 
frequencies  and  aK  levels  of  Interest, (90)  by  the 
possibility  of  net  section  yielding  (9,25)  and  by  small 
differences  In  growth  rates,  which  are  none-the-less 
relevant  to  long  term  component  Integrity. (90,92) 

CYCLIC  LOADING:  THEORETICAL  ANALYSES  Early  explanations  for  the 
rapid  growth  of  small  corrosion  fatigue  cracks  were  based  on  en¬ 
hanced  environment  access  to  the  crack  tip. (22,23,54,90)  The  proxi¬ 
mity  concept  Is,  however,  overly  simplistic.  Recent  results  for  4130 
steel  demonstrate  that  small  crack  growth  rates  decrease  with  In¬ 
creasing  stress  and  with  decreasing  crack  size  for  very  small 
cracks;  embrittlement  decreases  as  crack  opening  Increases. 
(14,21,24)  Tortuous,  Stage  I  fatigue  cracking  Is  often  not  observed 
for  aqueous  environments.  The  proximity  concept  Implies  dlffuslonal 
flow,  however,  precise  transport  mechanisms  are  not  specified. 
Turnbull (57)  demonstrates  that  mass  transport  Is  not  necessarily 
Impeded  by  Increased  crack  depth  because  of  the  Increasingly 
Important  contribution  of  convection.  Finally,  the  proximity 
concept  does  not  specify  the  chemical  mechanism  for  brittle  crack 
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extension.  Impeded  transport  of  an  Inhibiting  species  to  the  crack 
tip  will,  for  example,  result  In  enhanced  crack  propagation. 

Modeling  Is  required  to  define  the  effects  of  crack 
geometry  on  the  chemical  driving  force  for  embrittlement.  Mass 
transport  by  diffusion  and  convection  determines  crack 
chemistry, (57)  which  dictates  transient  reactions  with  straining 
crack  surfaces, (29)  which.  In  turn,  control  brittle  crack  advance. 

A  detailed  theory  does  not  exist. (71)  Elements  of  the  problem  are, 
however,  developed  from  a  hydrogen  embrittlement  perspective,  and 
are  relevant  to  corrosion  fatigue  by  dissolution  and  film  rupture. 
For  steel  In  an  aqueous  solution,  hydrogen  Is  produced  by  hydrolysis 
within  the  occluded,  pulsating  crack. (86,93)  The  time  and  cycle 
dependent  corrosion  fatigue  components  to  the  total  crack  growth 
rate,  da/dH^p,  are  defined  by  (14,29,32,65): 

^  -  4CH(o,a,t)  aK2,  (8) 

CF 

where  $  Is  a  constant.  The  chemical  driving  force  Is  represented  by 
the  concentration  of  adsorbed  hydrogen  (Cm)  which  Is  crack  size, 
stress  and  time  dependent.  The  mechanical  driving  force  Is 
accounted  for  by  aK  . 

If  convective  mixing  is  Ignored,  then  modeling  of  the 
static  crack  provides  a  description  of  Cu(o,a,t),(57,73,79)  with 
enhanced  acidification  and  hydrogen  discharge  predicted  for 
decreased  crack  size  (Table  I).  Since  hydrogen  embrittlement  is 
probable  for  the  conditions  represented  In  Table  II,  (65,86,93) 
this  result  provides  a  reasonable  explanation  for  the  rapid  growth 
of  small  corrosion  fatigue  cracks.  For  4130  steel  the  crack  size 
effect  on  corrosion  fatigue.  Fig.  2,  Is  predicted  In  part  based  on 
linear  superposition  of  stress  corrosion  growth  rates  for  “short" 
and  “long"  cracks  (Fig.  8a)  combined  with  growth  rates  for  a  benign 
environment. (24)  This  comparison  adds  credence  to  the  applicability 
of  the  static  crack  model  for  hydrogen  production. 

Crack  size  dependent  convection  effects  cannot,  however, 
be  Ignored. (57,74,75,77,78)  Considering  hydrolysis,  no  model  exists 
to  describe  convection  effects  on  electrode  potential,  pH  and  metal 
Ion  concentrations  within  a  pulsating  crack.  The  Importance  of 
crack  geometry  dependent  convection  Is  Illustrated  by  analyses  of 
dissolved  02  supply  and  reduction  within  a  crack.  Static  cracks  are 
presumed  to  be  fully  oxygen  depleted  due  to  cathodic  reduction 
dominating  dlffuslonal  supply;  Op  does  not  affect  CH. (73,74) 
Convection  provides  an  additional  source  of  oxygen  which  consumes 
protonic  hydrogen  during  each  load  cycle.  CH  and  da/dN^c  are  reduced 
for  decreased  acidification  traceable  to  "oxygen  Inhibition". 
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Perfect  mixing  analysis  of  0?  supply  and  reaction 
demonstrates  that  depletion,  and  by  Inference  the  effect  of  Oo  on 
corrosion  fatigue,  are  reduction  rate,  cyclic  frequency,  crack  size 
and  opening  shape  dependent.  Taunt  and  Charnock(77)  analyzed  solute 
supply  and  reaction  within  a  crack  as  a  function  of  load  cycles  for 
a  variety  of  rate  expressions.  Turnbull (74)  focused  a  similar 
analysis  on  O2  depleted  at  a  rate  proportional  to  Instantaneous 
concentration.  Each  model  demonstrates  that  aK  similitude  is 
compromised.  These  approaches  were  mod1fied(14)  to  predict  the 
concentration  of  dissolved  (^(Cg)  within  small  cracks  for  square 
wave  fatigue  loading  In  aqueous  chloride  at  a  frequency  of  1/t  and 
O2  reduction  at  a  rate  given  by  aCg.  The  result  is: 

aA  * 

CQ  «  CB  (1  -  R)  exp  (-- 2v-—  )  (9) 

max 

where  Cg  =  bulk  solution  oxygen  concentration,  A.  =  crack  surface 
area,  V_ax  *  crack  solution  volume  at  K,^,  and  a*  =  geometric 
constant.  For  a  wedge  crack,  the  ratio  of  Ac  to  Vmax  equals 
4/^n-x*  As  such  Cg  depends  exponentially  on  -l/vu.ax,  a  parameter 
which  is  crack  depth  sensitive  at  constant  aK.  (Typically,  a 
(auax  a)  a  (Kmax^a)*)  Physically,  depletion  Is  controlled  by  the 
ratio  of  active  crack  surface  area  available  for  reaction,  a*A  ,  to 
the  occluded  solution  volume,  Vmax,  which  supplies  reactant.  Small 
cracks  are  distinguished  by  a  large  surface  to  occluded  solution 
volume  ratio,  and  hence  by  extremely  low  values  of  Cg  compared  to 
long  cracks  at  constant  aK.  Equation  9  Is  plotted  In  Fig.  10  as  a 
function  of  edge  crack  depth  for  constant  aK,  frequency  and  reaction 
rate  conditions.  Cg/C«  Is  on  the  order  of  10“  a  for  0.1  mm  deep 
cracks,  and  rises  rapidly  to  values  between  10“4  and  10“^  for  cracks 
deeper  than  5  mm. (14) 


FIG.  10.  Analytical  predic¬ 
tions  of  the  effect  of  edge 
crack  length  on  dissolved 
oxygen  content  at  constant 
aK.  Modeling  Includes  O2 
depletion  by  cathodic 
reduction  and  O2  supply  by 
either  perfect  convective 
mixing  (Gangloff,  1984)  or 
diffusion  and  laminar 
convection  (Turnbull,  1983). 
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The  unique  chemical  character  of  small  cracks  is  confirmed 
by  relating  perfect  mixing  to  brittle  corrosion  fatigue. 
Specifically,  the  hydrogen  ion  concentration  remaining  at  the  end  of 
a  square  wave  load  cycle  is  calculated  based  on  O2  reduction  to 
consume  H+  and  produce  OH".  O2  modified  acidification  is  related  to 
CH  and  corrosion  fatigue  crack  growth  rate  through  equation  8  to 
yield  either: (16) 

L°G§cf  -  .t(a*/vmax)  (10) 

at  constant  AK,  or  the  normalized  equation  listed  and  plotted  in 
Fig.  11.  (Rates  are  normalized  by  an  absolute  brittle  crack  growth 
rate  (da/dN/»p_«gs)  independent  of  Og  inhibition  to  account  for  the 
mechanical  influence  of  aK  .)  The  extent  of  inhibition  increases 
as  the  normalized  growth  rate  parameter  decreases  from  1.0  to  0. 
Physically,  increased  crack  length  results  in  increased  crack 
solution  volume  to  active  surface  area,  increased  0?  reduction 
persisting  to  longer  times  during  loading,  decreased  hydrogen 
production  and  hence  in  reduced  rates  of  brittle  corrosion 
fatigue. 


The  perfect  mixing  analysis  of  inhibition  is  consistent 
with  experimental  results.  The  logarithm  of  corrosion  fatigue  crack 
growth  rate  for  4130  steel  in  saltwater  (Fig.  2)  varies  linearly 
with  reciprocal  maximum  crack  mouth  opening  as  shown  in  Fig.  11  and 
predicted  by  equation  10.  The  0g  reduction  rate  constant  inferred 
from  least  squares  slope  analysis  is  of  the  correct  order.  Similar 
good  agreement  is  observed  at  constant  aK  without 
normal ization. (14)  Considering  Fig.  11,  compact  tension  cracking 
produces  small  changes  in  v^,a  (squares)  compared  to  the  results  for 
0.5  to  3  mm  deep  edge  and  surface  cracks.  The  retarding  influences 


FIG.  11.  Experimental  data  and 
analytical  prediction  for  the 
effect  of  crack  shape,  given  by 
reciprocal  crack  mouth  opening 
at  maximum  load,  on  corrosion 
fatigue  crack  growth  rate  for 
4130  steel  in  3X  NaCl. 

Fracture  mechanics  similitude 
predicts  a  horizontal  line  at 
1.0.  After  Gangloff  (1984). 
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of  Increased  stress,  produced  by  Increased  R,  Increased  ao  or 
Instantaneous  stress  Increases;  and  of  increased  crack  size  are 


accounted  for  by  maximum  crack  opening  shape.  A  brittle  fracture 
mode  transition  occurs  with  decreasing  da/dNCp  and  correlates  with 
(Hnax'  indicative  of  a  chemical  crack  size  effect.  Intergranular 
cracking  (open  symbols)  at  small  v_a  Is  replaced  progressively  by 
brittle  transgranular  fracture  (filled  symbols)  at  Increased  u_a  . 
Many  of  the  trends  represented  for  lower  strength  steels  in  Table  II 
are  consistent  with  maximum  crack  mouth  opening  displacement  control 
and  perhaps  Oo  inhibition.  Small  cracks  grow  at  the  fastest  rates 
when  sized  below  1  mm  and  when  stressed  at  low  aK  and  R.  Cracking 
Is  retarded  by  increased  a,  aK  or  R,  or  equivalently,  by  increased 
crack  mouth  opening. 


While  the  breakdown  in  aK  similitude  and  the  correlation 
between  da/dfW  and  crack  opening  are  well  established  In  Fig.  11, 
the  O2  inhibition  model  Is  speculative.  Acidification  differences 
may  contribute  to  crack  size  effects.  Table  I.  Experiments  with 
deoxygenated  solutions  are  Inconclusive  for  4130  steel, (14)  relevant 
values  of  a  are  uncertain  and  may  exceed  15  amp wn/mole, (74,75,79) 
and  perfect  mixing  may  provide  an  Inaccurate  description  of  mass 
transport.  Turnbull  argues  that  mass  transport  within  a  slowly 
cycled  (<  1  Hz)  corrosion  fatigue  crack  Is  viscous-laminar. (57) 
Turbulence  Is  expected  and  perfect  mixing  Is  relevant  only  when 
crack  surface  contact  occurs.  For  viscous  flow,  a  transition  crack 
size  (aT)  Is  defined: 


where  f  Is  cyclic  frequency  and  the  exponent  depends  on  precise 
crack  shape.  Diffusion  dominates  mass  transport  for  cracks  sized 
below  a-r,  while  deeper  cracks  are  supplied  predominantly  by 
convection,  ay  equals  between  0.1  and  0.2  mm  for  oxygen  dissolved 
In  water  and  a  loading  frequency  of  0.1  Hz. 

Crack  size,  aK,  frequency,  R  and  chemical  reaction  rate 
influence  crack  chemistry,  as  Illustrated  by  analysis  of 
diffuslonal /laminar  convectlonal  02  supply  and  cathodic 
reduction. (57,75,79)  A  typical  prediction  Is  presented  in  Fig.  10 
and  compared  to  the  perfect  mixing  approximation  for  the  same 
conditions.  Note  that  perfect  mixing  provides  an  upper  bound  on 
dissolved  O2  within  the  crack.  At  very  small  crack  depths,  O2  Is 
enriched  significantly  due  to  diffusion.  As  crack  size  Increases, 

O2  diffusion  decreases  and  convection  increases.  Cg  Is  minimized, 
and  further  Increases  In  crack  depth  result  In  Increased  dissolved 
O2  due  to  convection.  The  comparison  between  crack  growth  rate  data 
and  perfect  mixing  theory.  Fig.  11,  Is  for  small  cracks  sized  above 
0.5  mm  to  avoid  the  complicating  effects  of  diffusion.  Crack  growth 
rates  at  constant  aK  for  4130  steel  in  saltwater  exhibit  a  maximum 
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at  a  ■  0.8  mm,  and  decline  with  Increasing  and  decreasing  crack 
size. (14)  The  complex  effect  of  crack  size  on  crack  chemistry 
Illustrated  In  Figure  10  may  be  general.  The  minimum  value  of  Cq 
represents  that  crack  depth  where  transport  of  either  a  bulk  specie 
to  the  tip  or  a  crack  tip  reaction  product  to  the  bulk  is  most 
effectively  Impeded.  Modeling  further  Indicates  that,  for  the  long 
crack  convection  dominated  regime,  concentration  increases  with 
decreasing  O2  reduction  rate  and  increasing  aK,  R  and  frequency. 
Variable  effects  on  the  location  of  the  maximum  In  Figure  10  have 
not  been  analyzed  In  detail.  Experimental  evidence  for  crack  size 
effects  of  the  type  predicted  In  Fig.  10  Is  lacking. 


4.  SWWARY 

When  analyzing  the  growth  of  small  fatigue  cracks  In 
embrittling  gaseous  and  aqueous  environments,  aK  or  aJ  based 
similitude  concepts  must  be  examined.  Data  confirm  that  small  crack 
geometry  effects  are  not  wholly  accounted  for  by  a  crack  tip  field 
parameter.  Crack  size  and  opening  shape  must  be  considered  as 
variables,  and  crack  closure  phenomena  characterized 
experimentally.  Unfortunately,  It  Is  not  possible  to  provide 
general  criteria  which  define  limiting  crack  size  and  shape  for  aK 
similitude  from  an  environmental  perspective.  Crack  size  effects 
are  material  and  environment  specific,  and  may  vary  with  alloy 
strength,  cyclic  frequency,  temperature,  applied  potential  or  gas 
pressure.  Theoretical  analyses  of  the  mechanical  and  chemical 
origins  of  the  driving  force  for  brittle  crack  growth  clearly 
establish  the  potential  for  novel  small  crack -environment 
Interactions.  Refined  analyses  are  required,  however,  to  fully 
define  crack  geometry  effects.  Experimental  tools  exist  to  assess 
the  Importance  of  crack  size  effects  for  specific  corrosion  fatigue 
applications. 

Understanding  of  small  crack  effects  Is  limited  for 
technologically  Important,  low  strength  alloys  In  gas,  water, 
chloride  or  caustic  environments,  and  for  both  static  and  cyclic 
loading.  Deleterious  chemical  crack  size  effects  are  documented  for 
high  strength  steel  In  aqueous  chloride  and  gaseous  hydrogen,  and 
mechanistic  understanding  Is  forthcoming.  Complicating  plasticity 
and  wake,  roughness  and  corrosion  debris  Induced  closure  effects  are 
unlikely.  In  contrast  research  Is  required  for  low  strength 
structural  steels.  Crack  size  effects  are  suggested  experimentally 
and  hydrogen  Is  known  to  embrittle  such  alloys,  albeit  less  severely 
compared  to  high  strength  steels.  Environment  enhanced  plasticity 
and  closure  mechanisms  are  particularly  relevant  for  lower  strength 
alloys.  As  such,  the  range  of  Interactions  considered  In  this 
review  may  Impact  corrosion  fatigue  and  produce  complex  crack  size 
effects.  For  alternate  environments,  the  potential  exists  for  crack 
geometry  effects  on  localized  chemistry.  For  example,  the  chloride 
conditions  described  In  previous  sections  were  unbuffered  and  at  the 
free  corrosion  potential.  Transport  of  buffering  species,  as 
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encountered  In  seawater  or  Inhibited  solutions,  and  the  response  of 
crack  tip  potential  and  electrochemical  reactions  to  applied 
potential,  as  encountered  In  cathodic  protection,  are  likely  to  be 
crack  geometry  sensitive.  Crack  geometry  effects  related  to  anodic 
dissolution  and  film  rupture  are  largely  undefined.  The  research 
challenge  exists  to  Isolate,  measure  and  model  such  geometry 
sensitive  processes. 
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